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General Introduction
Hip fractures among the elderly are a major health problem. These fractures are 
associated with high mortality and morbidity rates (Roche et al., 2005). Most hip 
fractures are caused by falls (Cumming and Klineberg, 1994). There is some 
evidence that fall prevention programmes are effective in reducing fall-related 
injuries (Robertson et al., 2002), suggesting that hip fractures may be prevented 
by reducing the risk of falling. Hip fractures may also be prevented by limiting the 
severity and the consequences of the falls. This thesis focuses on limiting fall 
severity by means of using martial arts (MA) fall techniques. Its main purpose is 
to explore the potential usefulness of MA fall training for hip fracture prevention in 
the elderly.
This general introduction starts by describing the epidemiology of hip 
fractures, followed by an overview of interventions focusing on hip fracture 
prevention. In addition, the characteristics of the MA fall techniques and the 
effects of these techniques on fall severity will be described in more detail. 
The general introduction concludes with the aims and outline of this thesis.
Epidem iology of hip fractures
About 90% of all hip fractures are due to falls (Cumming and Klineberg, 1994). 
Falls with the highest risk for hip fracture are sideways falls and falls with direct 
impact on the greater trochanter of the proximal femur (Nevitt and Cummings, 
1993; Wei et al., 2001).
Epidemiological studies, based on demographic trends, predicted that the 
yearly number of hip fractures in the world will rise from 1.26-1.66 million in 1991 
to at least 4.65 million by 2050 (Cooper et al., 1992; Gullberg et al., 1997). 
The incidence of hip fractures varies among the different countries of the world. 
The highest incidence rates were found in (Northern) Europe and North America 
(Cooper et al., 1992; Gullberg et al., 1997; Kanis et al., 2002).
The majority of hip fractures occur in women (70-80%) (Cooper et al., 1992; 
Gullberg et al., 1997; Haleem et al., 2008; Brauer et al., 2009). The hip fracture 
rate increases exponentially with age (Cooper et al., 1992; Gullberg et al., 1997; 
Brauer et al., 2009; Kanis et al., 2002). The estimated life-time risk of a hip fracture 
at the age of 50 years ranges from 1% to 28.5% in women and 1.8% to 13.1% in 
men depending on geographical area (Kanis et al., 2002).
Mortality after a hip fracture is high, being 9.6% at one month (Roche et al., 
2005), 11-23% at six months (Haleem et al., 2008), and 22-33% at one year post
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injury (Roche et al., 2005; Haleem et al., 2008). Parallel to the fracture rate, the 
mortality rate after hip fracture increases with age (Brauer et al., 2009). After 
adjusting for age and previous hospitalization, the mortality risk increases 
threefold during the first six month after a hip fracture and remains substantially 
increased for at least six years post fracture (Farahmand et al., 2005).
In addition, hip fractures are associated with high morbidity rates. The most 
common post-operative complications are chest infection (9%) and heart failure 
(5%)(Roche et al., 2005). Many survivors experience functional loss after hip 
fracture: they are unable to walk independently, have difficulties with at least one 
essential activity of daily living and/or are restricted in other activities, such as 
driving and grocery shopping. Hip fractures are therefore a common cause of 
loss for independence or institutionalization (Cooper, 1997).
Consequently, the related financial burden is high. In the Netherlands, for 
example, the mean direct medical costs are 14,000 Euros for each older individual 
with a hip fracture (Consument en Veiligheid, 2005). Furthermore, the total 
healthcare costs for patients with hip fractures were 391.6 million Euros in 2005, 
or 0.6% of the total cost of Dutch healthcare (Poos et al., 2008).
Relevant clinical risk factors for hip fractures are femoral neck bone mineral 
density (BMD), age, sex, low body mass index, a prior fragility fracture, a parental 
history of hip fracture, long-time use of oral glucocorticoids, rheumatoid arthritis 
as well as other causes of secondary osteoporosis, currently smoking, and an 
alcohol consumption of three or more units daily (Kanis et al., 2008). These clinical 
risk factors have been used in models to predict the ten-year probability of hip 
fracture in men and women (Kanis et al., 2008). A comparative study showed no 
better predictions in the ten-year risk of hip fracture in woman using complex 
models, which included all the above mentioned clinical risk factors for hip 
fractures, than simple models based only on age and BMD or only on age and 
fracture history (Ensrud et al., 2009). Therefore, one may conclude that low BMD, 
high age, fracture history and being female are the most important clinical risk 
factors.
Hip fracture prevention
Individuals with osteoporosis (low BMD, T-score < -2.5) have a high risk for hip 
fractures because of their reduced bone strength. Consequently in clinical 
practice, hip fracture prevention hastraditionallyfocused ontreating osteoporosis,
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predominantly by prescribing bisphosphonates. The efficacy of bisphosphonates 
is extensively documented in the literature. Cochrane reviews reported that 
treatment with alendronate (Wells et al., 2008b) or risedronate (Wells et al., 2008a) 
for secondary prevention results in a statistically significant and clinically relevant 
reduction in hip fracture risk in postmenopausal woman with osteoporosis. For 
primary prevention, no statistically significant reduction in hip fracture risk was 
found whether alendronate (Wells et al., 2008b) or risedronate (Wells et al., 2008a) 
was used. For etidronate, no statistically significant reduction in hip fracture risk 
was found whether for primary or secondary prevention (Wells et al., 2008c). In 
addition, a Cochrane review on the effect of vitamin D revealed that vitamin D 
alone is unlikely to be effective in preventing hip fractures. However, frail, older 
individuals living in institutional care facilities may sustain fewer hip fractures if 
vitamin D with calcium is given (Avenell et al., 2009).
Since the majority of hip fractures are caused by falls, it is to be expected that 
fall prevention in general would also reduce the number of hip fractures. 
An abundance of interventions to prevent falls in older individuals have been 
developed and evaluated. A recent Cochrane review on the effects of these 
interventions for older individuals living in the community (Gillespie et al., 2009) 
demonstrated that exercise programmes, including Tai Chi, reduce the rate of 
falls and the number of fallers (or risk of falling) if comprised of two or more of 
the following components: strength, balance, flexibility, and endurance. 
These exercise programmes are effective whether they are delivered in groups or 
given on individual basis. Multifactorial interventions (i.e. multi-component 
interventions based on individual assessement) are effective in reducing the rate 
of falls but not in reducing the number of fallers. Overall, home safety interventions 
did not reduce falls, but there is limited evidence that they may be effective in 
reducing falls for individuals with a higher risk of falling. In addition, vitamin D 
does not appear to be effective in reducing falls in general, but may reduce falls 
in individuals with low vitamin D levels. There is only limited evidence that other 
interventions, such as medication interventions, are effective in reducing falls or 
the number of fallers (Gillespie et al., 2009). From the pooled data on fractures, 
there is some evidence that exercise programmes reduce the fracture risk for all 
kinds of fractures (Gillespie et al., 2009). This suggests that hip fractures may be 
prevented by preventing falls. However, whether fall prevention interventions 
indeed reduce the number of hip fractures remains to be demonstrated.
13
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Hip fractures may also be prevented by the use of hip protectors. Hip 
protectors have been designed to shunt the energy of a fall away toward the soft 
tissues around the hip and/or to absorb part of the energy of the fall. In vitro 
experiments have shown that the best hip protectors can attenuate the impact 
forces by as much as 65-85% (Kannus et al., 1999; Robinovitch et al., 1995a). 
However, clinical trials to evaluate the preventive effects for hip fractures have 
shown conflicting results. Recent reviews of randomized clinical trials concluded 
that there is accumulating evidence which indicates that hip protectors are 
ineffective in preventing hip fractures in older individuals living in the community. 
Furthermore, the potential benefits in reducing hip fractures in older individuals 
living in institutional care is uncertain and requires further confirmation (Sawka et 
al., 2005; Parker et al., 2006). These disappointing results may in part be due to 
the poor compliance in wearing hip protectors in everyday life. A systematic 
review reported that the primary acceptance of hip protectors ranged from 37% to 
72% (median 68%) and that the compliance varied between 20% and 92% (median 
56%). The most frequently mentioned determinants for non-compliance were: 
lack of comfort (too tight/poor fit); the extra effort (and time) needed to wear the 
device; urinary incontinence; and physical difficulties/illness (van Schoor et al.,
2002). In addition, a hip protector may not be correctly positioned to optimally 
attenuate the hip impact force during a fall (Minns et al., 2007). The conflicting 
results may also result from differences in the research designs of the clinical 
trials used to study hip protectors. Furthermore, the absence of testing standards 
has made it difficult for manufactures to optimize hip protectors and for clinical 
researchers to select the best hip protectors to use in clinical trials (Robinovitch 
et al., 2009). On response, the International Protector Research Group has 
published a consensus statement with recommendations for testing the 
biomechanical performance of hip protectors (Robinovitch et al., 2009) and for 
conducting future clinical trials with hip protectors (Cameron et al., 2010).
Alternatively, older individuals may be taught how to fall safely (DeGoede et 
al., 2003). A fall, in particular a sideways fall from a standing height, is dangerous 
and can result in a hip fracture even in young adults (Kannus et al., 2006). 
Nevertheless, hip fractures rarely occur in young individuals. Hip fractures are even 
rare among athletes who regularly fall onto hard surfaces, for example during 
martial arts or free running. Based on biomechanical models it has been estimated 
that any fall from standing height with a direct, lateral impact on the greater
14
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trochanter would fracture the elderly hip (Roblnovltch et al., 1991). However, hip 
fractures only occur In 1-2% of the falls In the elderly (Tinetti et al., 1988). Hsiao and 
Rovlnovltch (1998), therefore, suggested that highly effective movement strategies 
exist which prevent Injuries such as hip fractures. Various potential strategies to 
reduce fall severity during sideways falls have been studied In young adults, 
Including natural fall arrest strategies (Hsiao and Roblnovltch, 1998), forward or 
backward rotation (Roblnovltch et al., 2003), relaxing the body (Sablck et al., 1999; 
van den Kroonenberg et al., 1996), and MA fall techniques (Sablck et al., 1999).
Martial arts fall techniques
Judokas fall on the floor all the time without Injuring themselves. Therefore, It 
seems obvious that the MA fall techniques used by these athletes do effectively 
reduce fall severity and, thereby, fall Injuries. The three most Important 
characteristics of MA fall techniques are to change the fall Into a rolling motion by 
curving and rotating the trunk, to protect the head by neck flexion, and to the use 
the arm to break the fall (Figure 1.1). However, to date, few studies have evaluated 
the effects of MA fall techniques on fall severity.
In one of the first studies on this subject, Sablck and co-workers (1999) found 
that In experienced members of aikido clubs, MA fall techniques reduced the 
Impact forces on the hip and shoulder by 12% and 16%, respectively, as compared 
to a broomstick strategy during a volitional sideways fall from a kneeling position. 
It was suggested that hand Impact, which occurred after hip Impact, could play a 
role In the reduction of hip Impact force (Sablck et al., 1999), but this has not been 
unequivocally proven. In fact, knowledge about the working mechanisms and 
effects of MA fall techniques Is still limited. To be effective In preventing hip 
fractures In older Individuals, MA fall techniques have to be trainable In that age 
group. Recently, an MA fall training was Introduced as an element of the Nijmegen 
Falls Prevention Program for healthy, elderly persons (Weerdesteyn et al., 2006). 
It was observed that participants were able to learn the basics of MA fall techniques 
within five sessions. During the training sessions, they were able to perform the 
techniques with Increasing fluency and confidence. Some participants even 
reported that In dally life they had been able to use these techniques during a fall. 
However, the tralnablllty of MA fall techniques and the effectiveness of MA fall 
training In older Individuals had not been quantified.
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Outline of th is thesis
The main purpose of this thesis is to explore the potential usefulness of MA fall 
training for hip fracture prevention in the elderly. The main purpose comprises 
four aims. The first aim is to study the effect of MA fall techniques on fall severity 
and to detect experience-related differences. The second aim is to gain knowledge 
about the working mechanisms by which MA fall techniques reduce the impact on 
the hip during a sideways fall. The third aim is to determine the trainability of MA 
fall techniques in young adults and older individuals. The fourth aim is to 
investigate the safety of the MA fall training for persons with osteoporosis, as 
these individuals may benefit the most from such training because of their high 
risk for (hip) fractures. A series of fall experiments has been conducted and will 
be described in the following chapters.
In Chapter 2, the effects and the proposed working mechanisms of MA fall 
techniques during a volitional sideways fall from kneeling height are reported for 
a group of experienced judokas. To determine the reduction of the impact forces 
on the hip, the MA fall techniques were compared with a natural fall arrest strategy 
in which the outstretched arm was used to block the fall. To study the effect of arm 
use on hip impact force during MA falls, these were performed with and without 
the use of the arm. In addition to hip impact force, hip impact velocity and trunk 
orientation were measured.
Chapter 3 starts with an overview of movement strategies that may be effective 
in reducing fall severity during a sideways fall. In vivo studies that evaluate fall 
severity for different fall strategies often use impact velocity instead of impact 
force to measure fall severity. The question is addressed whether the impact 
velocity is indeed a valid predictor of impact force and can be used to evaluate 
differences in fall severity between different fall strategies.
Chapter 4 reports, whether a reduction in hip impact forces can be shown in 
young subjects (without prior MA fall experience) after a brief training in MA fall 
techniques. The same experimental set-up as in Chapter 2 was used. In addition, 
the EMG patterns from trunk, neck and shoulder muscles during the sideways 
falls of the experienced judokas and those of the young subjects (after the brief 
training) were compared to identify potential experience-related differences that 
occur during the execution of the MA techniques.
Chapter 5 focuses on the neuromuscular control of the MA fall technique and 
a natural fall arrest strategy during volitional sideways falls. Again experienced
17
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judokas and young subjects (after a brief training) were compared. The times to 
initiate and to adequately execute a fall strategy after the onset of a sideways fall 
were measured. In this fall experiment either an MA fall technique or a natural fall 
arrest strategy was executed according to an auditory cue given at different 
delays after the onset of the fall. Success rates, reaction times and EMG patterns 
from trunk, neck and shoulder muscles were measured to determine the effects 
of cue delay and fall strategy.
Chapter 6 addresses the question whether older individuals are able to learn 
MA fall techniques and, if so, whether a better fall performance after an MA fall 
training does result in a reduction of hip impact forces during a volitional sideways 
fall. The MA fall performance of older individuals before and after a five-session 
MA fall training was compared. In addition to fall performance, data on hip impact 
force, hip impact velocity, fall duration, and fear of falling before and after training 
were compared.
Chapter 7 reports an experiment to determine whether MA training would be 
safe for persons with osteoporosis. Hip impact forces were measured in young 
adults while they performed all the exercises included in the fall training. Using 
these data it was possible to infer which exercises were safe for persons with 
osteoporosis by using two stringent safety criteria based on femoral fracture load 
data, available in the literature, and data on the protective effects of a hip 
protector.
Finally, in Chapter 8, the main findings and conclusions of this thesis are 
summarized and further discussed.
18
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Chapter
Martial arts fall techniques decrease the impact 
forces at the hip during sideways falling
Based on
B.E. Groen, V. Weerdesteyn, and J. Duysens 
Journal of Biomechanics 40(2):458-462, 2007

Fall severity In judokas
Introduction
A hip fracture is a serious consequence of falls in elderly people. About 90% of 
hip fractures are caused by falls (Cumming and Klineberg, 1994). In particular 
falls to the side and those with impact on the hip have an increased risk for hip 
fractures. Interventions that reduce the fall severity of these more dangerous falls 
are expected to decrease the risk of fractures (Greenspan et al., 1994; Nevitt and 
Cummings, 1993).
Experimental fall studies have shown that to avoid hip impact during a 
sideways fall, young subjects use their hands and rotate the trunk (Hsiao and 
Robinovitch, 1998). For elderly, using the hands is not without risk, as hand impact 
increases the risk for wrist fractures (Nevitt and Cummings, 1993). Relaxing the 
body during descent could reduce the impact velocity (van den Kroonenberg et 
al., 1996), but not the hip impact force (Sabick et al., 1999). In contrast, a martial 
arts (MA) fall technique has been shown to reduce the hip impact force as 
compared to ‘normal’ tensed falls (Sabick et al., 1999). Knowledge about the 
working mechanisms and the potential benefits for elderly to learn the MA fall 
techniques is limited, but is needed since MA fall techniques are being successfully 
used in programmes to prevent falls in elderly (Weerdesteyn et al., 2006). The 
high impact force at the hand that is used to break the MA fall has raised concerns 
(DeGoede et al., 2003). It was suggested that hand impact would play a role in 
the reduction of hip impact force (Sabick et al., 1999), however it has not been 
proven. Hence, experiments are needed to determine if hand impact is essential 
to reduce hip impact force.
According to simple impact models, hip impact force is determined by hip 
impact velocity, the effective mass of that part of the body that is moving prior to 
impact, and the overall stiffness of the soft tissue overlying the hip (van den 
Kroonenberg et al., 1995). The effective mass is dependent on trunk orientation at 
impact in such a way that the more vertical the trunk, the larger the effective 
mass. Hence, other factors that may play a role in the reduction of hip impact by 
the MA technique are impact velocity and trunk orientation.
The purpose of this study was to get insight into the mechanisms by which 
MA fall techniques would reduce hip impact force during sideways falls. 
The hypothesis was that the presence of hand impact, a decreased impact 
velocity and a more horizontal trunk orientation would provide an explanation.
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In addition, the time curves of the different fall techniques were examined to 
detect temporal differences and to Investigate If changes were attributable to 
certain kinematic or kinetic events.
Methods
Six experienced judokas participated (age: 24.2 ± 3.8 years, weight: 65.8 ± 19.6 
kg, experience: 13.0 ± 6.8 years) and signed Informed consent prior to 
participation. The protocol was approved by the Ethical Board of the region 
Arnhem-NIjmegen.
Forces were measured with a force plate (Klstler, size 0.6 m x 0.4 m) at 2400 
Hz. The 3-D positions of reflective markers were simultaneously registered with a 
6-camera motion analysis system (Prlmas) at 100 Hz. Markers were placed on the 
left shoulder, wrist, and greater trochanter (GT), and a marker frame with three 
markers was attached to the left femur.
Three different fall techniques were studied: the block with arm (Block) or 
control, the MA with arm (MA-a), and the MA no arm (MA-na) technique. 
The Block technique Is based on a natural equilibrium reaction of elderly In which 
they use compensatory trunk movements and react with their arms by stretching 
Into the direction of the Impending fall (Allum et al., 2002). The subjects were 
Instructed to fall sideways on the hip and to use the outstretched arm to block the 
fall (Figure 2.1a). The MA-a technique Is derived from judo. The fall Is changed 
Into a rolling movement, which allows for an optimal distribution of Impact applied 
to any site along the contact path. The arm Is used to break the fall (Figure 2.1b). 
The MA-na technique Is similar to the MA-a technique, but the subjects were 
Instructed to hold the left arm above the ground.
Data collection started with a reference measurement to define the position 
of the GT with respect to the marker frame and to determine the reference GT to 
shoulder angle (for definition, see below). The position of the GT during the falls 
was calculated based on the position and orientation of the marker frame using 
the method described by Soderkvlst and Wedln (Soderkvlst and Wedln, 1993). 
Then the GT marker was removed. The testing protocol was similar to that used 
by Sablck et al. (1999). The subjects were kneeling on a padded surface next to 
the force plate with the left arm In front of them. The falls were voluntarily Initiated
24
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Figure 2.1 S tick  figures of s id ew a ys falls using  the control and m artial arts technique 
(frontal view), (a) B lo c k  with arm  or control technique. Th e  su b je cts  were instructed to 
fall s id e w a y s  on the hip and to use the arm  to b lo ck  the fall, (b) M artial arts with arm  
techniq ue. The fall is c h a n g e d  into a  rolling m ovem ent w hile the arm  is u sed  to break 
the fall. Im pact is in d icate d  by a broken arrow ).
and fall initiation was detected visually by the experimenter. The subjects then 
received a short vocal instruction (single syllable word) which technique they had 
to perform. All instructions were given by the same experimenter to avoid 
systematic differences between trials and subjects. The experimenter controlled 
visually if the impact was on the force plate. Two series of 15 falls were performed. 
One series consisted of 5 Block falls and 10 MA-a falls. In the other series the 
MA-a falls were replaced by MA-na falls. Falls were performed in random order 
within each series. The series were also performed in random order.
The instant of impact was defined as the instant at which the vertical force 
first exceeded 10 N. As hand impact was always later than hip impact, hip impact 
force was defined as the first peak force in vertical direction. Hip impact force was 
normalized to body weight (BW). Velocity was computed by numerical 
differentiation of position data and subsequently low-pass filtered with a
(a)
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fourth-order Butterworth filter with a cut-off frequency of 10 Hz. Hip impact 
velocity was defined as the vertical velocity of the GT just before impact. Trunk 
angle (a) was defined by the angle between the line connecting the GT and 
shoulder marker and the vertical at hip impact, subtracted by the angle in the 
reference measurement (Figure 2.2c).
Figure 2 .2  M ean v a lu e s  ±  S EM  (N =  6) of the im p act data. Th e  m ean of the (a) hip 
im p a ct force (norm alized for b o d y  w eight (BW)), (b) hip im p a ct ve lo c ity  in (m/s), and 
(d) trunk a n g le  (°) for the b lo ck  with arm  te ch n iq u e  (Block), the m artial art tech n iq u e 
with the u se  of the arm  to b rea k  the fall (M A-a) a n d  the m artial art te ch n iq u e  without 
the use of the arm  (M A-na). (c) Trunk a n g le  w as defined by the a n g le  betw een the line 
co nnecting  the G T  and sho ulder m arker and the vertical at hip im pact (a) subtracted by 
the a n g le  in the reference m easurem ent. Im pact is in d icated  by a broken arrow 
A ste risk s  (*) ind icate statistica lly  s ig n ifican t d iffe re n ce s (exact p  <  0 .05).
*
in
t5 2 
(8 
Q .
I  1
(a)
*
n
Block MA-a MA-na
oo<1)>
O
CÖ
D.
E
1 .
0.
(b )
(c) (d )
26
Fall severity In judokas
Data were averaged for each subject and for each technique. Because of the 
small number of subjects, non-parametric statistics were used. Differences 
between the techniques were examined with a non-parametric analysis of variance 
for repeated measurements (Friedman). Post-hoc, two-tailed Wilcoxon signed- 
ranks tests for matched pairs were used to detect directional effects. An exact 
p-value < 0.05 was considered statistically significant. In addition, the time curves 
of the impact force, hip vertical velocity, trunk angle, and shoulder vertical velocity 
of the three fall techniques were examined.
Results
The largest mean hip impact forces and velocities and the most vertical trunk 
orientations were found for the Block falls (Figure 2.2). The Friedman test revealed 
a main effect of technique on hip impact force (Fr =  9.333; p = 0.006), impact 
velocity (Fr =  10.333 ;p = 0.002), and trunk angle (Fr =  8.333 ;p = 0.012). Post-hoc 
comparisons showed that the MA-a and the MA-na technique significantly (both 
p = 0.031) reduced the hip impact force by 27.0% and 29.5%, respectively. 
The impact velocity was significantly lower in both the MA-a (A0.17 m/s; p = 0.031) 
and MA-na (A0.21 m/s; p = 0.031) falls compared to the Block falls. Further, a 
significantly less vertical trunk orientation was found in the MA-a (7.0°; p = 0.031), 
but not for the MA-na falls (4.5°; p = 0.063) compared to the Block falls. 
No significant differences between the MA-fall techniques were observed 
(p > 0.05). Figure 2.3 shows the time curves of the impact force, hip vertical 
velocity, trunk angle, and shoulder vertical velocity of the three fall techniques of 
one of the subjects. Note that the difference in hip vertical velocity between the 
Block and MA falls started just prior to hip impact. After hip impact, trunk angle, 
and shoulder vertical velocity increased in the MA falls.
27
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Figure 2 .3  Tim e  c u rv e s  of the (a) im p a ct fo rce (BW ), (b) hip ve rtic a l v e lo c ity  (m/s), 
(c) trunk a n g le  (°), and (d) sh o u ld e r vertical ve lo c ity  (m/s) of the three fall te ch n iq u e s  
of one of the su b je cts . Note that the d iffe re nce  in hip ve lo c ity  betw een the B lo c k  and 
MA falls started prior to hip im pact. After hip im pact, trunk angle, and sho ulder vertical 
ve lo city in cre a se d  in the MA falls. Im pact is ind icated by the vertical line.
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Discussion
The results showed that the MA-a and MA-na techniques reduced the hip Impact 
force In sideways falls from kneeling height by 27.0% and 29.5%, respectively. 
In comparison, Sablck et al. (1999) found a reduction of 12% as compared to their 
‘normal’ tensed condition without hand Impact. They suggested that hand Impact 
would be responsible for this reduction. In contrast, our study showed that hand 
Impact Is not an essential element of the MA technique In the reduction of hip 
Impact force since no significant differences were found between the MA 
techniques with or without arm Involvement. Hence, hand Impact In the MA 
technique was not essential In protecting the hip, but this does not Imply that 
hand Impact had no benefits at all. Hand Impact might play an essential role In 
protecting the head and shoulder. However, this could not be tested In the present 
study.
In conjunction with decreased hip Impact force, hip Impact velocity was 
significantly reduced In the MA falls. As shown In Figure 2.3, differences In hip 
Impact velocity between the Block and MA falls started prior to hip Impact. 
Analysis of the time curves of the GT and shoulder marker (velocities) could not 
reveal a clear explanation for the change In Impact velocity. Since trunk rotation Is 
Important In the preparation for landing In the MA falls, changes In hip velocities 
might coincide with the Initiation of trunk rotation, but further research Is needed 
on this Issue.
The trunk orientation was less vertical In the MA falls than In the Block falls, 
but the difference was significant only for the MA-a falls. It Indicates that trunk 
orientation might be of less Importance than Impact velocity forthe MAtechnlques 
to reduce hip Impact force. Theoretically, the effects of trunk orientation are not 
clear either. According to simple Impact models a less vertical trunk orientation 
would result In a lower effective mass and thereby reduce the Impact force (van 
den Kroonenberg et al., 1995). However, others predicted that a less vertical trunk 
orientation would Increase the exchange of potential energy to kinetic energy 
during a fall and Increase the Impact velocity (Sandler and Roblnovltch, 2001). 
The Increase In Impact velocity would Increase the Impact force and thereby 
counterbalance the effects of a lower effective mass.
Another feature of the MA fall techniques that may play an Important role In 
the reduction of hip Impact force Is the rolling movement after Impact. Because of
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this rolling movement the kinetic energy of the upper body segments after impact 
is expected to be higher in MAfallsthan in Block falls, which could lead to reduced 
energy absorption and, consequently, lower forces at impact. The amount of 
kinetic energy is determined by the mass (which is a constant in a within-subject 
comparison) and velocity of the moving segments. Hence, in the present study 
the larger shoulder velocity in the MA falls after impact (Figure 2.3), indicative of 
increased kinetic energy, provides support for the proposed role of rolling in the 
reduction of hip impact force.
The falls performed in the present study differ in some aspects from most 
falls in daily life. For safety reasons, the falls were performed from kneeling height 
and not from standing height. The principles of the MA techniques, however, are 
the same for both fall heights. Therefore, it is expected that the working 
mechanisms of the MA techniques in falls from kneeling are similar to those in 
falls from standing. The absolute increase in impact forces due to the increase in 
fall height, however, can be expected to be relatively small, because in falls from 
standing height there are additional impact reducing mechanisms, such as 
squatting during descent (Robinovitch et al., 2004). In addition, the falls in the 
present study were self-initiated while most falls in daily life are unexpected. 
Although it will decrease the absolute impact values (Robinovitch et al., 2004), 
self-initiated falls are useful to study the effects and underlying mechanisms of 
different fall techniques. Whether such techniques can be used to reduce hip 
impact force in falls in the elderly remains a question for further research, 
preferably involving elderly. Experiences with these techniques within the 
Nijmegen Falls Prevention Program (Weerdesteyn et al., 2006) were promising. 
Elderly could learn these techniques within five training sessions and some 
participants reported that they had used these techniques in falls in daily life.
In summary, the MA fall techniques reduced the hip impact force by more 
than 25%, which was associated with a lower impact velocity and less vertical 
trunk orientation. Rolling after impact, which is characteristic for MA falls, is likely 
to contribute to the reduction of impact forces, as well. Hand impact was not an 
essential element of the MA technique in the reduction of hip impact force. These 
findings provided support for the use of MA fall techniques in fall prevention 
programmes for elderly.
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Introduction
Hip fractures are a major health problem in the elderly. Epidemiological studies 
predicted that the number of hip fractures in the world would have risen to at least
4.5 million by the year 2050 (Cooper et al., 1992; Gullberg et al., 1997). The related 
financial burden is high. The mean direct medical costs in the Netherlands are 
14,000 Euros for each older individual with a hip fracture (Consument en Veiligheid, 
2005). In addition, hip fractures are related to high mortality and morbidity rates. 
About 90% of the hip fractures are caused by falls (Cumming and Klineberg, 
1994). Hence, hip fracture risk can be reduced, either by preventing the fall or by 
limiting the severity of the fall.
In falls, fracture risk is dependent on both the severity of the impact and the 
capacity of the bones to resist the impact applied. Hence, fracture risk can be 
defined by the ratio of forces at impact divided by the load necessary to cause a 
fracture (DeGoede et al., 2003; Hayes et al., 1996). In vitro studies have shown 
that the fracture load of the femur is dependent on for example the direction of 
impact (Pinilla et al., 1996), loading rate (Courtney et al., 1994) and bone mineral 
density of the femur (Courtney et al., 1995). In agreement with these in vitro 
studies, clinical studies have shown that bone mineral density and fall direction 
are important risk factors for hip fractures (Greenspan et al., 1994). Falls with 
most risk for hip fractures are those to the side with direct impact on the greater 
trochanter of the proximal femur (Nevitt and Cummings, 1993). In contrast, little is 
known about strategies that reduce fall severity. The fundamental variable for fall 
severity is impact force. For safety reasons, however, direct impact force 
measurements are often not possible and instead kinematic data are used to 
compare differences in severity between fall techniques (Robinovitch et al., 2003; 
van den Kroonenberg et al., 1996). In the present study the focus will be on how 
these indirect variables of fall severity relate to impact force in different fall 
techniques.
It has been estimated that the impact force of any fall from standing height 
with impact on the greater trochanter is sufficient to fracture the elderly hip 
(Courtney et al., 1994; Nankaku et al., 2005; Robinovitch et al., 1991). In a fall from 
standing, hip impact occurs about 0.7 s after the onset of a perturbation (Hsiao 
and Robinovitch, 1998). Hence, there is only a short time available to react and 
apply a fall technique. Hip fractures rarely occur among young individuals, even
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among athletes who regularly fall onto hard surfaces, and even In elderly such 
fractures occur only In 1-2% of falls In elderly (Tlnettl et al., 1988). Therefore, Hsiao 
and Roblnovltch (1998) hypothesized that highly effective movement strategies 
exist for preventing Injury during a fall. To study such fall strategies and to evaluate 
how falls can be avoided, Hsiao and Roblnovltch (1998) measured the natural 
reactions to an unexpected translational movement of the underground covered 
with a mattress. Young subjects started In a standing position and were Instructed 
to try to prevent themselves from falling. After lateral-directed perturbations that 
would cause sideways falls, subjects were able to avoid a fall In 72% of the trials. 
During falls with Impact of the trunk or pelvis, the average downward Impact 
velocity of the pelvis was 2.55 ± 0.85 m/s. During sideways falls, subjects showed 
large trunk rotations about an Inferior-superior axis In forward direction during 
descent. They used their outstretched hands to avoid Impact to the lateral aspect 
of the hip. Avoidance of hip Impact might be useful to decrease the risk of hip 
fractures, since It has been shown that falling on or near the hip Increases the risk 
of hip fracture by thirtyfold (odds ratio 32.5) (Nevltt and Cummings, 1993). By 
changing a sideways fall Into a forward fall the use of the outstretched arms Is 
essential to protect the head and trunk for Impacting the ground. However, this Is 
a risk by Itself, since It has been shown that using the hands will Increase the risk 
to wrist fractures by twentyfold In older Individuals (odds ratio 20.4) (Nevltt and 
Cummings, 1993). Furthermore, It Is questionable whether older Individuals have 
enough arm muscle strength to prevent head and trunk Impact (DeGoede et al., 
2003).
In addition to forward rotation, Roblnovltch et al. (2003) studied also backward 
rotation as a technique to avoid hip Impact during a sideways fall. Rotating 
backward may be beneficial, since Impacting the ground with outstretched hands 
Is not needed and landing on the buttocks may result In more energy absorption 
by soft tissues. During the experiment, young female adults performed sideways 
falls from standing position onto a mattress. Falls were Initiated by release of a 
tether that supported the subjects at a 15° lean angle from the vertical. Prior to 
tether release, the subjects were Instructed to rotate forward during descent to 
land on the outstretched hands or to rotate backward during descent to land on 
the buttocks. The results showed that the average time Interval between tether 
release and hip Impact was larger during forward rotation (1135 ± 128 ms versus 
993 ± 102 ms). This might be due to hand and knee Impact prior to pelvis Impact
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during falls with forward rotation. Backward rotation was as effective as forward 
rotation to avoid hip impact as measured with the amount of axial rotation. 
However, impact velocity was larger in falls with a backward rotation (2.95 ± 0.25 
m/s) as compared to falls with a forward rotation (2.45 ± 0.77 m/s) technique. In 
addition, whole-body kinetic energy at impact was larger in the falls with backward 
rotation as well (2.38 ± 70 J versus 156 ± 90 J). These results indicate an 
increased impact severity during falls with backward rotation as compared to falls 
with forward rotation to avoid hip impact. Since falls without trunk rotation were 
not included in the study of Robinovitch et al (2003), it remains unclear whether 
forward and backward rotation led to different impact velocity as compared to 
sideways falls with no rotation.
In daily life, falls are in most cases unexpected and fall strategies can rarely 
be planned before fall initiation. Therefore, Feldman and Robinovitch (2004) 
conducted an experiment in which the instruction to rotate backward or forward 
was given at various instants (300 ms, 200 ms, 100 ms and 0 ms) both before and 
after release. Subjects were able to follow the instruction as long as the instruction 
was given within 200 ms after release. In falls with instructions given with long 
delays (200 ms and 300 ms) after release, subjects performed more rotation in 
the backward rotation technique as compared to the forward rotation technique. 
In addition to fall direction, relaxing the body is considered to be an important 
strategy to reduce fall severity. Based on the results of pelvis release experiments 
Robinovitch et al. (1991) predicted a decrease in peak impact force from 8600 N 
to 5600 N by relaxing the muscles as compared to activating the muscles during 
a sideways fall. To simulate sideways falls, young subjects were released from 
different preload force levels from zero height with their hip onto a force plate. 
Force characteristics were used to measure the effective stiffness and damping 
of the body, which were used to predict peak forces in falls from non-zero 
height.
In agreement with the results of the pelvis release experiments, Nankaku et 
al. (2005) observed a positive correlation between the activity of the quadriceps 
muscle (as index of relaxation) and the impact force in voluntarily sideways falls 
from standing height. During the experiments young adults fell voluntarily onto a 
force plate covered with a mattress. The subjects were instructed to avoid 
protective movements such as stepping, knee bending and landing on their 
arms. The mean vertical impact force was 2251.6 ± 442.4 N in lateral falls and
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2497.7 ± 457.0 N in posterolateral falls. The mean vertical Impact velocities were 
In lateral and posterolateral falls (1.99 ± 0.32 m/s versus 2.25 ± 0.35 m/s).
Studies that evaluated the effect of relaxing the body during real falls were 
less clear about the reducing effect on fall severity. In support of the results of 
Roblnovltch et al. (1991), van den Kroonenberg et al. (1996) found a lower vertical 
Impact velocity for the relaxed falls (3.09 ± 0.41 m/s) than for the natural muscle 
active falls (3.31 ± 0.43 m/s), which suggests a lower Impact force In the relaxed 
falls. However, they also observed a reduction In trunk angle at Impact 
(corresponding to a more vertical trunk) during the relaxed falls (21.8 ± 10.4°) as 
compared to the muscle active falls (13.6 ± 11.2°). A more vertical trunk orientation 
Is associated with a larger effective mass and subsequently to an Increased 
Impact force. This latter effect may reduce or even negate the expected reduction 
In Impact force by the reduced Impact velocity In muscle-relaxed falls.
However, Sablck et al (1999) found no significant differences In Impact force 
between relaxed and ‘normal’ tensed falls during falls from kneeling height, 
although the Impact forces tended to be lower during the relaxed falls. In the latter 
study, young adults with experience In martial arts started In kneeling position 
next to a padded force plate and received the construction which technique they 
had to perform after voluntarily Initiation of the fall. No hands were used to block 
the fall In both the tensed and relaxed falls. The resultant hip Impact forces 
(normalized for body weight) were 2.69 ± 0.68 BW and 2.76 ± 0.83 BW during the 
relaxed falls and tensed falls, respectively.
In the same study Sablck et al. (1999) have shown that martial arts fall 
techniques (MA) could reduce the hip Impact force as compared to the ‘normal’ 
tensed falls (2.44 ± 0.70 BW versus 2.76 ± 0.83 BW, force normalized for 
bodywelght). In MA, a fall Is changed Into a rolling movement, which allows for an 
optimal distribution of the Impact applied to any site along the contact path. In MA 
falls the arm was used to break the fall by slapping onto the ground (after hip 
Impact) resulting In high Impact forces at the wrist.
Recently, the reducing effect of the MA techniques on fall severity has been 
confirmed In a study In our laboratory (Groen et al., 2007). Young subjects with 
experience In judo performed sideways falls from kneeling height unto an 
unpadded force plate. In a similar experimental set-up as used by Sablck et al. 
(1999) we observed a reduction In Impact force by about 27.0% In the MA falls 
with use of the arm to break the fall as compared to ‘natural’ falls In which the arm
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was used to block the fall (Block). Vertical Impact velocity was reduced by 12% 
and the trunk was 7° more horizontally oriented at the Instant of hip Impact. 
In addition, no differences were found between an MA fall with or without use of 
the arm, suggesting that hand Impact played no essential role In protection of the 
hip In the MA technique.
In summary, several strategies to reduce fall severity during sideways falls 
have been studied, Including rotating backward and forward (Roblnovltch et al.,
2003), relaxing the body (Sablck et al., 1999; van den Kroonenberg et al., 1996), 
and MA fall techniques (Sablck et al., 1999; Groen et al., 2007). All fall techniques 
have been evaluated In young adults. Further research Is needed to determine 
whether such techniques can be used to reduce fall severity and subsequently 
hip fractures In older Individuals. In the studies mentioned many differences 
existed In experimental set-up, for example, differences In fall height (standing or 
kneeling), In fall Initiation (tether release, moving the ground surface or voluntarily) 
and underground (mattress or floor). Because of these differences, It Is often 
difficult to compare the reduction In Impact severity of fall techniques between 
studies. In addition, different kinematic variables for fall severity have been used, 
In particular vertical Impact velocity.
The rationale for the use of Impact velocity to determine fall severity Is based 
on simple Impact models. In these models, the body Is represented as an 
undamped slngle-degree-of-freedom mass-sprlng system with a linear spring 
constant. The spring constant accounts for soft tissue overlying the hip and the 
stiffness of the body, Including the action of the muscles (van den Kroonenberg 
et al., 1995). It Is assumed that all of the kinetic energy of the body Is transformed 
Into the strain energy of the spring. In such model, Impact velocity Is proportional 
to Impact force. The effects of damping and energy lost to friction are neglected. 
Furthermore, Is assumed that the effective mass of the part of the body that Is 
moving prior to Impact remains constant during Impact. If these models are used 
to compare different fall techniques based on differences In Impact velocity It Is 
assumed that the effective mass Is similar In these techniques. However, In falls 
In vivo It Is has not been studied yet If all these assumptions sufficiently apply and 
If not, how this would affect fall severity estimates as based on Impact velocity.
In a previous study (Groen et al., 2007), a larger reduction In vertical hip 
Impact force (27-30%) was found than In vertical hip Impact velocity (12-15%) for 
MA falls as compared to Block falls. This Indicates that differences In Impact
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velocity are not necessarily similar to differences in impact force. It was suggested 
that the reduced hip impact force in the MA fall techniques resulted from a smaller 
amount of energy absorption as a result of rolling on after impact that is 
characteristic of MA falls. In MA falls a smaller amount of kinetic energy is 
transformed into the strain energy. This indicates that the relationship between 
impact velocity and impact force might be different for various fall techniques due 
to differences in energy absorption, which might affect the predicted fall severity 
as based on impact velocity.
The purpose of this study is to assess the relationship between hip impact 
velocity and hip impact force in order to determine whether differences in hip 
impact force between different fall techniques can be predicted by impact 
velocity.
Methods
Five experienced female judokas (age: 23.8 ± 4.1 years, weight: 59.4 ± 5.9 kg 
and fall experience 11.8 ± 6.8 years) participated in this study. The protocol was 
approved bythe Ethical Board ofthe region Arnhem-Nijmegen and all participants 
signed informed consent prior to participation.
Participants performed three sideways fall techniques from kneeling height 
onto an unpadded force plate, namely, the ‘natural’ Block (Figure 3.1a) and two 
MA techniques. In the MA-a falls the arm is used to break the fall (Figure 3.1b), 
and in the MA-na falls the arm was held above the ground. The testing procedures 
were similar to those described previously in more detail (Groen et al., 2007). 
After voluntary initiation of the fall to the left, participants received an instruction, 
about which technique they had to perform. A total of 10 falls for each technique 
were performed. One participant (one of the authors, VW) performed the total 
protocol on four more occasions. In addition, she volunteered for five additional 
series of 10 voluntary falls from standing height using the MA technique with the 
use of the arm to break the fall (MA-s).
Force (Kistler, 2400 Hz) and kinematic data (Primas, 100 Hz) were measured 
to determine the peak hip impact force (normalized for bodyweight) and the hip 
impact velocity (one frame before impact) (Groen et al., 2007). In agreement with 
most other studies in which fall techniques were evaluated for reduction on fall
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severity, force and kinematic data were analysed in vertical direction only.
Analysis of variance (ANOVA) was used to determine whether hip impact 
force and hip impact velocity were affected by fall technique. Post-hoc, f-tests 
with Bonferroni corrections were used to determine between which fall techniques 
the differences existed.
A linear regression model was used to determine the relationship between 
hip impact force (dependent variable) and hip impact velocity (independent 
variable) for each fall technique for both the group of judokas and the single 
judoka. In addition, the effect of fall technique (reflected by differences in intercept) 
and the interaction between fall technique and impact velocity (reflected by 
differences in slope) were determined by including dummy variables fortechnique 
and technique multiplied with impact velocity in SPSS. For the linear regression 
models, the criterion to entry and staying in the model for regressors was set at 
p = 0.05 and p = 0.1, respectively. The level of significance was set at p = 0.05 
for all tests.
Figure 3.1 Stick figures showing the falls from kneeling height (frontal view) using the 
(a) Block with arm technique (Block), (b) MA technique with the use of the arm to break 
the fall (MA-a). Impact is indicated by a broken arrow (Reprinted from Groen et al. (2007), 
with permission from Elsevier).
(a)
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Results
For the group of judokas, only one fall had to be discarded due to technical 
problems. Table 3.1 presents the average hip Impact force (normalized for body 
weight) and hip Impact velocity for each technique. The average hip Impact force 
was In the hip Impact velocity were on average 30% and 12% lower In the MA falls 
than In the Block falls. No significant differences were found between the two MA 
techniques from kneeling height. In further analysis MA-a and MA-na falls from 
kneeling height were combined and referred to as MA technique from kneeling 
height.
Figure 3.2 shows the relationship of the hip Impact force and hip Impact 
velocity for each fall technique. In falls with comparable velocities, Impact forces 
In Block falls were larger than In MA falls from kneeling height. Impact velocity 
could explain 40% and 50% of the variance In Impact force within the Block 
technique and MA technique from kneeling height, respectively (p < 0.001) 
(Table 3.2). The linear regression model of the Block and MA technique from 
kneeling height together showed a linear relation between Impact velocity and 
Impact force (p < 0.001, beta = 0.580), which was dependent on technique 
(p = 0.006, beta = 1.21). No Interaction was observed between technique and 
Impact velocity (p = 0.91, beta = 0.77).
Table 3.1 Mean (SD) hip impact force (normalized for bodyweight (BW)) and hip 
impact velocity (m/s) for each technique.
Fall technique Group judokas Single judoka
Force
(BW)
Velocity
(m/s)
Force
(BW)
Velocity
(m/s)
Block 4.14 (0.43)a 1.37 (0.12)a 4.30 (0.49)a 1.39 (0.09)a
MA-na 2.83 (0.51) 1.18 (0.12) 2.59 (0.34) 1.28 (0.10)
MA-a 2.97 (0.48) 1.22 (0.10) 2.47 (0.33) 1.26 (0.11)
MA-s - - 4.45 (0.73)a 2.30 (0.19)a b
a= significantly different from MA technique from kneeling height (MA-a and MA-na). 
b= significantly different from Block technique.
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Figure 3.2 Impact force (normalized for body weight) plotted as a function of impact 
velocity (m/s) for falls of the group of judokas. Each fall is represented by one symbol.
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Table 3.2 Linear relationship between hip impact velocity and hip impact force for 
each fall technique.
Fall technique Group judokas Single judoka
r2 p-value r2 p-value
Block 0.395 <0.001 0.196 0.001
MA-a & na 0.493 <0.001 0.468 <0.001
MA-s - - 0.247 <0.001
p=explalned variance of hip Impact force by hip Impact velocity.
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One of the authors volunteered for the extended protocol, Including a series of 
MA falls from standing height (MA-s). Table 3.1 presents the average hip Impact 
force and hip Impact velocity for each technique for this single subject. 
On average hip Impact force and hip Impact velocity In the MA falls from kneeling 
height were about 42% and 9% lower than In the Block falls. For the MA-s falls hip 
Impact force was comparable to the hip Impact force of the Block falls from 
kneeling height, whereas hip Impact velocity In the MA-s falls was higher. 
As previously found In the group of judokas, no significant differences were found 
between the MA techniques from kneeling height.
Figure 3.3 shows the relationship of the hip Impact force and hip Impact 
velocity for each technique for the single subject. It Is evident that for a given 
range of Impact velocities there clearly were higher Impact forces In the Block 
falls than In the MA falls from kneeling height (MA-a and MA-na). In general, 
Figure 3.3 mirrors the data of the group of judokas (Figure 3.2). Impact velocity 
could explain 20-47% of the variance In the hip Impact force within the techniques 
(p < 0.001) (Table 3.2). The linear regression model ofthe Blockand MAtechnlque 
from kneeling height together showed a linear relation between Impact velocity 
and Impact force (p < 0.001, beta = 0.28). The effect of technique bordered 
significance (p = 0.068, beta = 0.68) and no significant Interaction effect was 
found (p = 0.975, beta = -0.14). No effect of technique was likely to be due to the 
low explained variance (20%) In the Block technique. In addition, the linear 
regression model for the MA technique from kneeling height was not different 
from the model for the MA technique from standing height (MA-s) (p = 0.666 and 
p = 0.502 for Intercept and slope, respectively).
Discussion
The purpose of the study was to assess the relationship between hip Impact 
velocity and hip Impact force In order to determine whether differences In hip 
Impact force between fall techniques can be predicted by hip Impact velocity. 
Based on simple Impact models It Is assumed that Impact velocity Is proportional 
to Impact force. The results of the present study showed that hip Impact velocity 
and hip Impact force were significantly, linearly related within each fall technique 
(Block, MA from kneeling and standing height). The strength of the relationship
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Figure 3.3 Impact force (normalized for body weight) plotted as a function of impact 
velocity (m/s) for falls of the single judoka. Each fall is represented by one symbol.
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was low to moderate (explained variance 20-50%), meaning that hip impact 
velocity may only be used to make an approximate prediction of hip impact 
force.
Furthermore, the relationship between hip impact velocity and hip impact 
force depended heavily on the fall technique used. In falls with comparable impact 
velocities, the impact forces in the Block falls were larger than those in the MA 
falls from kneeling height. In addition, the data of the single judoka showed that 
in falls with comparable impact forces, the impact velocities were much larger in 
MA falls from standing height than in Block falls. This means that differences in 
hip impact velocity do not always reflect differences in hip impact force between 
different fall techniques. In other words, hip impact velocity is not always a valid 
predictor of differences in hip impact force between techniques. The finding of
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lower Impact forces In falls with similar Impact velocities for the MA technique 
supports the hypothesized effects of rolling on after Impact In MA falls as a 
mechanism to reduce the hip Impact force (Groen et al., 2007). Rolling on means 
a higher kinetic energy of the body after Impact, which might result In a smaller 
amount of kinetic energy transformed Into strain energy. Consequently the Impact 
force might be lower than predicted by Impact velocity prior to Impact. Given the 
Importance of kinetic energy after Impact In the reduction of Impact forces, 
combining Impact velocity with energy estimates before and after Impact might 
provide a more valid algorithm to determine fall severity, when direct Impact force 
measurements are not possible. In the present study, the number of reflective 
markers was too small to estimate the amount of kinetic energy of the whole body 
during falling. In addition to the kinetic energy of the body after Impact, other 
factors, such as body configuration at Impact, soft tissue characteristics (van den 
Kroonenberg et al., 1995), damping and bodywelght might affect the relationship 
between hip Impact velocity and hip Impact force as well.
Interestingly, the linear regression model for the MA technique from standing 
height seemed not to be different from the model for the MA technique from 
kneeling height In the single subject. This supports the assumption that the 
principles and working mechanisms of MA falls are similar for falls from standing 
and kneeling height (Groen et al., 2007). This Is Important since experiments with 
falls from kneeling height are validated In this way and are Increasingly Important 
for the evaluation of fall severity In both young and elderly subjects.
A limitation of the study was the small number of experienced female judokas 
Included In this study. With a larger number of judokas, the relationship between 
hip Impact velocity and hip Impact force might have been stronger due to 
Increased power and probably larger ranges In Impact velocity and force.
A second limitation was that the falls In the present study were self-initiated, 
while most falls in daily life are unexpected. Although this factor probably reduced 
the absolute impact values (Robinovitch et al., 2004), and although it might even 
affectthe relationship between impact velocity and impactforce withintechniques, 
it is expected that differences between the techniques will remain since underlying 
mechanism of different fall techniques is similar in unexpected falls and 
self-initiated falls.
In conclusion, hip impact velocity can be used to make an approximate 
prediction of hip impact force within fall techniques. However, to determine
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differences between techniques it is not always a valid predictor. When direct 
impact force measurements are not possible, methods combining impact velocity 
with energy estimates before and after impact are likely to be more valid.
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Fall severity In young, naïve subjects
Introduction
Hip fractures in the elderly are among the most serious consequences of falls. 
Mortality after a hip fracture is 5-10% within the first month (Roche et al., 2005) 
and even about 30% within a year (Roche et al., 2005; Keene et al., 1993). 
Furthermore, hip fractures are a common cause of loss of independence or insti­
tutionalization. As a result, hip fractures constitute a major burden on health care 
systems in developed countries, both clinically and financially. Within the next 
decades, this burden is expected to become much larger, given the aging of the 
population and the exponential increase of hip fracture incidence with age 
(Gallagher et al., 1980).
About 90% of hip fractures are caused by falls (Cumming and Klineberg, 
1994) and both sideways fall direction (Greenspan et al., 1994) and an impact site 
at or near the hip (Nevitt and Cummings, 1993) are major determinants of hip 
fracture risk. A reduction of the number of hip fractures can be assumed the 
logical result of a reduction of fall incidents in general. Previous research has 
convincingly shown that exercise programmes can reduce fall incidence rates by 
up to 50% (Weerdesteyn et al., 2006; Gillespie et al., 2003; Province et al., 1995). 
However, a considerable number of falls and consequent hip fractures remain 
even after such an intervention. Hence, it is expected to be beneficial if interventions 
would not only aim at a reduction of fall incidence, but also of fall severity. In this 
respect, the use of hip protectors has been suggested to absorb the impact 
energy or shunt it away from the hip, but compliance is poor and even their 
efficacy in fracture risk reduction is not unequivocally proven yet (Parker et al.,
2005).
Alternatively, the practice of fall techniques, in order to achieve the safest 
possible landing after loss of balance, may possibly contribute to a further 
reduction of fall-related hip fractures. Which fall techniques would be both effective 
and suitable for elderly is still a matter of debate. It has been shown that using the 
arm to block the impending fall results in a threefold reduction of the likelihood of 
hip fractures (Nevitt and Cummings, 1993). When the elbow is not held straight, 
but slightly flexed at impact, followed by eccentric triceps activity, this fall arrest 
strategy could go without sacrificing the wrist (DeGoede and Ashton-Miller, 2002). 
However, in the elderly an age-related reduction in triceps strength will significantly 
reduce their ability to use their arms for safe fall arrest (DeGoede and Ashton-Miller,
51
Chapter 4
2003). Secondly, the arm Is likely to be too late for hip protection In the elderly. 
Even In young subjects, experimental fall data show mixed results with respect to 
the sequence of arm and hip Impacts (Hsiao and Roblnovltch, 1998; van den 
Kroonenberg et al., 1996). In older subjects the probability of a late hand Impact 
further Increases, as the time to move their hands Into a position for breaking a 
fall was considerably longer than In the young (Roblnovltch et al., 2005). 
The observation In epidemiological studies that the Incidence of wrist fractures In 
the elderly remains at a relatively constant level with Increasing age (Owen et al., 
1982), whereas the Incidence of hip fractures Increases exponentially (Gallagher 
et al., 1980) also provides support for the Ineffectiveness of the use of an 
outstretched arm In protecting the hip In the elderly.
A more promising landing strategy appears to be the martial arts (MA) way of 
falling, as this technique has been shown to significantly reduce hip Impact forces 
In falls to the side In experienced martial artists (Groen et al., 2007; Sablck et al.,
1999). The main feature of MA fall techniques Is rolling on after Impact, as opposed 
to the rather abrupt landing In the ‘natural’ fall arrest strategy. MA techniques 
reduced hip Impact forces by 27.0-29.5%, In conjunction with a 12-15% decrease 
In Impact velocity. In addition, larger upper body velocities In MA falls after hip 
Impact, Indicative of less energy dissipation at the Instant of Impact, provided 
support for the role of rolling In the reduction of hip Impact force.
Recently, MA fall techniques have been Introduced In a fall prevention exercise 
programme (Weerdesteyn et al., 2006). Elderly could learn these techniques 
within five 45-mln training sessions and some participants reported that they had 
used the technique In a fall In dally life. However, even though the techniques are 
easy to learn and seem to be executed correctly after a short training, It Is not 
known yet whether extensive training Is required In order to benefit from these 
techniques In terms of Impact force reduction. The present study was conducted 
to Investigate whether a reduction In hip Impact forces could be demonstrated In 
naive young subjects after a brief training In M A fall techniques. It was hypothesized 
that a reduction of at least 10% could be achieved In hip Impact forces. 
The anticipated reduction, however, was expected to be less than In very 
experienced martial artists (judokas; (Groen et al., 2007)). Furthermore, It was 
hypothesized that the experienced judokas and the briefly trained subjects would 
show some basic differences In the execution of the MA fall technique, thereby 
explaining the anticipated superiority of the technique as applied by the judokas.
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In order to Identify such potential experience-related differences In the execution 
of the MA technique, an additional study was conducted In which EMG patterns 
of selected trunk, neck, and shoulder muscles were compared between 
experienced fallers and young subjects (without prior experience) after a brief 
training session.
Methods
Fall experiments were conducted In a group of healthy, young women, with and 
without experience In martial arts fall techniques. Prior to the experiments, 
participants without judo experience were administered a 30-mln training session 
In which they practiced sideways MA fall techniques on a safety mat (4 cm 
polyurethane foam, Agglorex®, Lommel, Belgium). A sideways MA fall technique 
Is characterized by trunk lateral flexion and rotation and shoulder protraction In 
order to enable rolling on after Impact. This allows for an optimal distribution of 
Impact applied to any site along the contact path. Furthermore, In contrast to the 
‘natural’ way of falling, In MA techniques the arm Is not used to block the Impending 
fall, but can be slapped on the ground after hip and trunk Impact. The final fall 
height during training was from a kneeling position. None of the participants 
suffered from any neurological or musculoskeletal disorders that could affect 
their performance and/or behaviour In this study. The Ethical Board of the region 
Arnhem-NIjmegen approved the protocol and participants gave Informed consent 
to participate.
Part 1 
Participants
Ten young women (age 28.3 ± 6.6 years, weight 65.0 ± 6.6 kg) without any prior 
experience In martial arts fall techniques participated In this experiment.
Experimental procedure
In this experiment, MA techniques with and without the use of the arm (MA-a and 
MA-na, respectively) were compared with the commonly observed way of falling, 
In which the outstretched arm Is used to blockthe Impending fall (Blocktechnlque)
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Figure 4.1 Stick figures showing the falls from kneeling height (frontal view) using the 
(a) Block with arm technique (Block), and (b) MA technique with the use of the arm to 
break the fall (MA-a). Impact is indicated by a broken arrow. Figure 4.1 is reprinted from 
Groen BE, Weerdesteyn V, Duysens J. Martial arts fall techniques decrease the impact 
forces at the hip during sideways falling. J Biomech 2007; 40:458-62, Copyright (2007), 
with permission from Elsevier Science.
(Figure 4.1). The MA-na technique Is similar to the MA-a technique, except that 
the left arm was held above the ground. Participants were kneeling on a padded 
surface next to a force plate (unpadded surface, 60 cm x 40 cm, Klstler) with the 
left arm In front of them (90° of shoulder anteflexion). They were Instructed to start 
falling to the left. Once the experimenter had visually detected fall Initiation, a 
verbal (single syllable) cue was given as to which technique the participant had to 
perform. Instructions were given by the same experimenter In order to avoid 
systematic differences between trials and subjects. The experimenter also 
controlled visually whether the position of hip Impact was on the force plate. 
Analogous to our previous study In experienced fallers (Groen et al., 2007), two 
series of 15 falls were performed. One series consisted of 5 Block falls and 10 
MA-a falls. In the other series, MA-a falls were replaced by the MA-na fall. Within 
each series, the falls were performed In random order. In addition, the order of the 
series was also randomized.
(b)
(a)
/
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Forces were measured by the force plate at a sample rate of 2400 Hz. 
Fall kinematics were obtained by means of a 6-camera 3-D Motion analysis 
system (Prlmas) at a sample rate of 100 Hz and recordings were synchronized 
with force plate data. Reflective markers were placed on the wrist and the greater 
trochanter (GT), and a rigid marker frame with three markers was attached to 
the left femur. In a reference measurement, the position of the GT marker with 
respect to the marker frame was recorded and subsequently removed before the 
fall trials.
Analysis and statistics
The Instant of Impact was defined as the Instant at which the vertical force 
exceeded 10 N. As In both Block and MA-a techniques the hand always Impacted 
later than the hip, hip Impact force was defined as the first peak force In the 
vertical direction and was normalized with respect to body weight (BW).
In order to determine hip Impact velocity, the position of the GT during falls 
was calculated based on the position and orientation of the femur marker frame 
using the method described by Soderkvlst and Wedln (1983). Hip Impact velocity 
was computed by numerical differentiation of these virtual GT position data. 
Data were low-pass filtered with a fourth-order Butterworth filter with a cut-off 
frequency of 10 Hz. Hip Impact velocity was defined as the vertical velocity of the 
GT just prior to Impact.
Differences In Impact forces and velocities between techniques were examined 
by means of analyses of variance for repeated measures with post-hoc contrasts. 
The alpha level was set at 0.05.
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Part 2 
Participants
A total of 14 healthy, young women (aged 21-35) participated In this experiment. 
Five participants were experienced judokas (EXP group, 19-25 years of experience) 
and nine were Inexperienced at any fall technique (INEXP group), except that they 
had been administered the 30-mln training session In MA fall techniques.
Experimental procedure
The participants were kneeling on a judo mat (size 2.2 m by 2.7 m, 4 cm polyurethane 
foam, Agglorex®, Lommel, Belgium). They held on to a grip with the right arm, such 
that the lateral Inclination of the trunk and upper legs was 22°, relative to the vertical 
(Figure 4.2). The participant received a vocal command to release the grip, resulting 
In a fall to the left. The moment of release was detected by a load switch, placed In 
series with the grip. Six practice trials of each fall technique (Block and MA-a) were 
performed to familiarize with the experimental procedure. Subsequently, two series 
of trials were recorded, one with 12 Block falls and one with 12 MA falls. The order 
of the series was randomized. Before the start of a series, participants were 
Instructed which technique they had to perform.
Electromyographic recordings (EMG) were obtained from the left m. trapezius 
(TR), m. deltoldeus pars posterior (DP), m. deltoldeus pars anterior (DA), 
m. pectoralls (PE) and bilaterally from the m. obllquus abdomlnus (OA) and 
m. sternocleldomastoldeus (SC), using self-adhesive electrodes (Ag/AgCI) 
(Conmed Neotrode®) placed approximately 2 cm apart and longitudinally on the 
belly of the muscle. EMG signals were preamplified and analogue band-pass 
filtered (10-500 Hz). EMG data were sampled synchronously with the data from 
the load switch at 2400 Hz and stored on a microcomputer.
Analysis and statistics
EMG signals were first processed by bidirectional high-pass filtering (fourth-order 
Butterworth filter; 15 Hz) to remove motion artefacts. To remove electrocardio­
graphic (ECG) Interference from EMG records of PE, and for some participants of 
OA as well, the ECG component of the signal was Isolated by low-pass filtering 
(50 Hz) and then subtracted from the EMG signal. Subsequently, records of all 
muscles were Hilbert transformed, full wave rectified, and bldlrectlonally low-pass
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Figure 4.2 Experimental set-up for the EMG data collection. EMG electrodes were 
positioned on eight shoulder, neck, and trunk muscles. Participants held on to a grip 
with the right arm such that the lateral inclination of the trunk and upper legs was 22°. 
The left hand loosely touched the preamplifier, which was mounted to the trunk. After 
release participants fell to the left side and landed on the mat.
filtered (fourth-order Butterworth filter; 25 Hz) to acquire an adequate linear 
envelope’ of the signal. For each muscle, the mean baseline EMG activity and Its 
standard deviation prior to release was calculated over 20 trials and used as 
control activity. EMG signals after release were normalized with respect to the 
control activity. For each participant, each muscle, and each technique, mean 
normalized EMG amplitudes were computed for seven bins of 50 ms following 
release.
Multivariate analyses of variance (MANOVA) for repeated measures were 
used for statistical analysis. Group (EXP or INEXP) was used as a between- 
subjects factor. Wlthln-subjects factors were fall technique (Block or MA), bins of 
EMG activity (seven bins following release), and side (left or right, for OA and SC 
only). The alpha level was set at 0.05.
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Results
Part 1
Hip impact forces and velocities were compared between fall techniques (MA-a, 
MA-na, and Block), as learned by previously inexperienced subjects after a 
30-min training session. Analysis yielded a significant main effect of technique on 
hip impact force (F(2,8) = 10.35, p = 0.006). Post-hoc contrasts revealed that, 
compared to Block falls, MA-a and MA-na techniques reduced hip impact force 
by 16.7% (p = 0.001) and 15.5% (p = 0.006), respectively (Figure 4.3a). In every 
participant, the average impact force in MA-a falls was smaller than in Block falls, 
while in MA-na falls, this was true for nine participants. Analysis also yielded a 
significant main effect of technique on impact velocities (F(2,8) = 7.62, p = 0.014). 
In both the MA-a and MA-na technique, impact velocity was, on average, 6.7% 
lower than in Block falls (p = 0.003 and p = 0.038, respectively)(Figure 4.3b). 
There were no significant differences between both MA falls.
Figure 4.3 Means and SE of hip impact forces and impact velocities for the Block 
and the martial arts (MA) fall techniques. Significant differences are indicated by the 
asterisks.
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Figure 4.4 Means ± SE for the seven 50-ms bins following release in Block and 
martial arts (MA) falls in the experienced (EXP) and inexperienced (INEXP) group. 
Activation patterns are shown for the left m. trapezius (TR-L), m. deltoideus pars 
posterior (DP-L), m. deltoideus pars anterior (DA-L), m. pectoralis (PE-L) and bilateral 
m. obliquus abdominus (OA-L and OA-R) and m. sternocleidomastoideus (SC-L and 
SC-R). * Main effect of technique, p < 0.05. f technique x group interaction, p < 0.01. 
♦technique x group x bin interaction, p < 0.01. ’ technique x group x side interaction, 
p < 0.05.
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Part 2
EMG patterns of eight selected shoulder and trunk muscles were collected in two 
types of fall techniques (MA-a and Block) and in two groups of participants with 
and without experience in MA fall techniques (EXP and INEXP). The average EMG 
patterns of the two techniques in the two groups are shown in Figure 4.4. 
In general, the most pronounced differences in EMG patterns between techniques
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Figure 4.5 Overall normalized EMG amplitudes in the experienced (EXP) and 
inexperienced (INEXP) group in Block and martial arts (MA) falls. Means ± SE are 
shown for the left m. trapezius (TR-L), m. deltoideus pars posterior (DP-L), m. 
deltoideus pars anterior (DA-L), m. pectoralis (PE-L) and bilateral m. obliquus 
abdominus (OA-L and OA-R) and m. sternocleidomastoideus (SC-L and SC-R). 
* Main effect of technique, p < 0.05. f technique x group interaction, p < 0.01. 
♦technique x group x bin interaction, p < 0.01. ’ technique x group x side interaction, 
p < 0.05.
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were present in the shoulder muscles. Analysis yielded main effects of technique 
in TR, DA, DP, and PE (F(1,12) = 31.37, p < 0.001; F(1,12) = 5.69, p = 0.034; 
F(1,12) = 17.34, p = 0.001; F(1,12) = 13.56, p = 0.003, respectively), indicating 
that these muscles were differentially activated in the techniques studied (Figure 
4.4a-d and 4.5a-d). In both groups, TR, DA, and DP amplitudes in Block falls were 
higher than in MA falls, whereas in PE higher amplitudes were observed in MA 
falls. No significant main effects of technique were found in bilateral SC and OA.
With respect to experience-related differences, analysis yielded a significant 
group x technique interaction in TR (F(1,12) = 9.58, p = 0.009). The EXP group 
had 61.2% lower TR amplitudes in MA falls compared to Block falls, whereas the 
INEXP group showed a decrease of only 21.0% (Figure 4.4a and 4.5a). Analysis
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also revealed a significant group xtechnlque x bln Interaction In PE (F(6,7) = 8.68, 
p = 0.006). The EXP group Increased PE activity during the first 250 ms of the MA 
fall to a larger extent than did the INEXP group (81.0% and 31.2% more than In 
Block falls, respectively, Flgure4.4d). Furthermore, aslgnlflcantgroupxtechnlque 
x side Interaction was found In SC (F(1,12) = 4.82, p = 0.048). The INEXP had 
similar EMG amplitudes In both techniques and similar EMG patterns In left and 
right SC. In contrast, the EXP group showed a clear differentiation of SC activation 
both between techniques and between the left and right side. Amplitudes of the 
left SC were lower In MA than In Block falls, while the reverse was observed for the 
right SC (Figure 4.4e-f and 4.5e). Finally, no significant experience-related 
differences could be demonstrated In DA, DP, and bilateral OA.
Discussion
The main result of the present study was that after a 30-mln training MA fall 
techniques could reduce hip Impact force In sideways falls In subjects without 
any prior fall experience. These results support the Idea that such short training 
periods are effective and potentially useful although long-term effects have still to 
be Investigated. The finding that MA fall techniques substantially reduced hip 
Impact forces Is In agreement with previous studies on MA fall techniques (Sablck 
et al., 1999; Groen et al., 2007). The observed reduction of 16% Is comparable to 
the 12% reduction In experienced fallers as reported by Sablck et al. (1999), but 
In that study MA falls were compared to ‘tensed’ falls without use of the arm. 
In the study of Groen et al. (2007), In which exactly the same experimental protocol 
was used as In the present study, MA techniques were found to reduce hip Impact 
forces by 27.0-29.5% In experienced fallers. In addition, In the present study 
Impact velocities In MA falls were reduced by —7% as compared to Block falls. 
In the study of Groen et al. (2007) Impact velocities showed larger reductions 
(12-15%). Hence, the present results, In conjunction with the general pattern of 
larger reductions of Impact forces than velocities, mirror those previously obtained 
from experienced judokas, except that the amount of reduction In forces and 
velocities was nearly twice as large In the previous study (Groen et al., 2007). 
The finding that there were no differences between MA fall techniques with and 
without the use of the arm was consistent with previous results as well (Groen et
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al., 2007). This shows once more that the use of the arm in MA falls does not 
contribute to the hip impact force reduction, probably because arm impact occurs 
considerably later than hip impact. In contrast, the arm slap is expected to be 
important in the protection of the upper body and the head.
The proposed mechanism by which MA fall techniques are effective in 
reducing hip impact forces is the smaller amount of energy dissipation at impact 
as a result of rolling (Groen et al., 2007), which is the main feature of MA falls. 
However, the observation that hip impact velocities are reduced in MA falls 
indicates that actions during the fall, supposedly related to trunk rotation in 
preparation of rolling (Groen et al., 2007), also play a role. The relative contribution 
of these preparatory actions to the rolling movement and the resulting impact 
force reduction have not been quantified yet. However, the presently reported 
smaller reductions in impact velocities in inexperienced fallers clearly indicate 
that experience-related differences in these preparatory actions are important 
with respect to impact force reductions.
In order to identify the nature of experience-related differences on the 
neuromuscular level, MA and Block fall EMG data were collected from both 
experienced and inexperienced fallers. Both groups showed activation patterns 
consistent with the combination of trunk lateral flexion and rotation that 
characterizes the MA fall, as both groups showed TR, PE, and OA activation 
above control levels. However, the results confirmed the anticipated presence of 
experience-related differences in the execution of the MA fall technique. Compared 
to experienced fallers, more pronounced TR activation was observed in the 
inexperienced group, in conjunction with less pronounced PE activation. PE is a 
mainly active in trunk rotation (Kumar et al., 2003), whereas it is conceivable that 
TR is more involved in the muscle activation pattern contributing to trunk lateral 
flexion. The differential effects of experience indicate that inexperienced fallers 
probably focused more on trunk lateral flexion, whereas experienced fallers 
showed more pronounced activity subserving trunk rotation. This may have 
resulted in a better trunk curvature for the rolling movement after hip impact, 
allowing a more optimal distribution of impact forces along the contact path. 
Further analysis of trunk kinematics and impact forces could provide further 
insight into this issue.
Interestingly, experience-related differences were also observed with respect 
to SC activation patterns. The inexperienced fallers showed similar SC activity in
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both techniques, indicative of an indifferent head stabilization by means of 
co-activation of bilateral SC. In contrast, the experienced fallers showed a clear 
differentiation between left and right SC, with the right SC being more and the left 
SC being less active than in inexperienced fallers in MA falls. Although this 
difference is not expected to contribute to a reduction of hip impact of forces, it 
highlights another aspect of skilled performance of MA fall techniques with 
possible implications for upper body impacts.
A limitation of the study was the small sample size of the group of experienced 
fallers. More subtle experience-related differences might have been detected had 
a larger number of judokas participated. However, the finding that significant and 
functionally relevant differences with respect to activation of TR, PE, and SC could 
be demonstrated even with such a small sample size clearly indicates that these 
aspects of the MA fall technique should be given more specific attention during 
training.
A second limitation was that, for safety reasons, falls were performed from 
kneeling height. Although this does not represent the typical fall from daily life, 
which is usually from a standing position, the principles of the MA fall techniques 
and the proposed working mechanisms are expected to be similar in falls from 
standing and kneeling height. Preliminary evidence for a similar impact reducing 
effect of MA falls from standing height was provided by the case study by Groen 
et al. (2008). It was shown that MA falls from standing height yielded similar 
impact forces as Block falls from kneeling height, but with considerably higher 
impact velocities. The absolute increase of impact forces may be less than 
expected on the basis of increased fall heights, because other impact reducing 
mechanisms, such as squatting during descent (Robinovitch et al., 2004), are 
coming into play. However, this is not expected to influence the relative impact 
reduction of the MA fall technique with respect to a ‘natural’ fall arrest strategy in 
sideways direction, because this squatting strategy would be applicable to both 
MA techniques and ‘natural’ fall arrest strategies from standing height.
A third limitation was that only short-term training effects were investigated. 
In a previous study on a 10-min intervention to reduce hand impact forces in 
forward falls (by landing with flexed elbows with subsequent eccentric triceps 
activity for deceleration), both short and long-term effects have been investigated 
(Lo et al., 2003). A substantial reduction could be demonstrated immediately after 
training, but the effects were significantly reduced after three weeks. Preliminary
63
Chapter 4
support for better retention of MA fall skills has been provided by some of our 
inexperienced subjects. When they were asked to do an MA fall a few weeks after 
training, they all showed a correct performance (as based on observation). 
However, further research is needed to evaluate the retention of MA fall skills after 
training.
The observation that young women without prior experience in M A tech ñiques 
could reduce hip impact forces after a 30-min training shows that the technique 
is effective and easy to learn. However, the observation that they reduced impact 
forces to a lesser extent than did experienced judokas indicates that more training 
is required in order to fully benefit from the protective effects. These results 
provide important support for the addition of fall techniques to fall preventive 
interventions for the elderly, in order to reduce hip fracture risk not only by a 
decrease in the number of falls but also by reducing fall severity. Even though the 
present results were obtained in a group of young women, similar results would 
have been expected in young males and in the elderly after the MA falls training 
as incorporated in the Nijmegen Falls Prevention Program (Weerdesteyn et al.,
2006). In this exercise programme, the elderly participants could also learn and 
correctly execute these techniques within five sessions. In addition, the EMG 
results suggest that the efficacy of MA falls training may be further enhanced by 
more specific attention to the component of trunk rotation. In conclusion, MA falls 
training constitutes a promising method to reduce fall severity, but further research 
on the acquisition and retention of fall skills in the elderly and the utilization of the 
acquired techniques in falls in daily life should be conducted to provide conclusive 
evidence for its benefits in the prevention of fall-related fractures.
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Neuromuscular control of fall techniques
Introduction
Falling is the leading cause of injury-related death in adulthood (Kannus et al.,
2000). It is therefore essential to understand the motor control of falls. How do 
humans react during a fall and how much can they change their behaviour prior to 
hitting the surface? This type of questions has been studied using falls from 
standing or from kneeling height. For falls from standing height most studies use a 
paradigm of tether release (Do and Roby-Brami, 1991; Do et al., 1990; DeGoede 
and Ashton-Miller, 2002; Lo et al., 2003; Robinovitch et al., 2003) but some use a 
functional reach test (Ahmed and Ashton-Miller, 2007) or voluntary initiated falls 
(van den Kroonenberg et al., 1996). It was shown that voluntary modification of a fall 
is possible and that a proper fall arrest strategy can affect peak impact at contact 
(DeGoede and Ashton-Miller, 2002; Robinovitch et al., 2003). A similar conclusion 
was reached from studies using falls from a kneeling position (Sabick et al., 1999; 
Groen et al., 2007). Sideways falls are the most intensively investigated because hip 
fracture risk is increased when falling sideways (Parkkari et al., 1999), especially 
when the hip is impacted (Kannus et al., 2006; Schwartz et al., 1998). Therefore, 
strategies to prevent fall-related hip fractures should not only target at decreasing 
the frequency of fall incidents, but also at the severity of these falls to the side.
Several fall strategies to reduce fall severity of sideways falls have been 
studied including martial arts (MA) fall techniques (Sabick et al., 1999; Groen et 
al., 2007). MA fall techniques (derived from judo) could reduce hip impact forces 
in sideways falls by 12-27% in experienced martial artists (Groen et al., 2007; 
Sabick et al., 1999). Recently, it has been shown that a 30-min training in MA fall 
techniques was sufficient to reduce hip impact forces by 15% in young adults 
without prior experience in MA (Weerdesteyn et al., 2008). In these studies a 
verbal cue was given after initiation of the fall, indicating which fall technique had 
to be performed. Hence, the resulting differences in impact forces showed that it 
was possible to initiate and thus change fall strategies after the start of a fall. 
Similarly, Feldman and Robinovitch (2004) conducted an experiment in which 
either forward or backward axial body rotations were visually cued at various 
instants both before and after fall initiation. It was found that a critical time window 
of 200 ms existed following the start of a fall, within which the movement to arrest 
the fall should be initiated in order to be effective. However, because fall durations 
were not reported, it remains unclear how much time was left after this critical
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time window, to initiate and successfully execute the requested technique.
To our knowledge, no previous study has been performed to determine how 
voluntary movements during a fall are controlled at the neuromuscular level, in 
terms of reaction times and muscle activation patterns. Therefore, it is also unknown 
whether the characteristics of neuromuscular control would be susceptible to time 
pressure. In a previous study, muscle activity in automated reactions, like stepping 
to regain balance, was found to increase with increasing time pressure (Thelen et 
al., 2000). In addition, (Wang et al., 2006) found that in self-paced stepping, EMG 
amplitudes were significantly larger and showed higher rates of change during very 
quick steps compared to comfortably paced steps. Therefore, it may be expected 
that muscle activation amplitudes increase in fall strategies, in order to generate a 
more vigorous action when there is only a short time until landing.
Furthermore, although a previous study has shown that MA techniques can 
be used to reduce hip impact forces after a short training (Weerdesteyn et al., 
2008), it is still unknown whether the performance, in terms of EMG characteristics, 
equals that of experienced fallers. For several sports it has been shown that 
detailed analyses of given movements can distinguish between experienced 
athletes and novices (Zehr et al., 1997; Harmenberg et al., 1991). Such analyses 
can give insight into the differences in motor planning (Yiou and Do, 2001). 
Furthermore, knowledge of experience-related differences in the neuromuscular 
control of fall techniques could help to set specific targets to optimize the benefits 
of training.
The aim of the present study was to examine the neuromuscular control of 
fall techniques during a sideways fall. Two research questions were determined. 
The first question was how much time it takes to initiate and to adequately perform 
such techniques. Secondly, we aimed to determine whether years of experience 
in fall techniques would have an effect on performance, in terms of success rates 
and EMG characteristics. To answer these questions the following experiment 
was conducted. In a choice reaction task to an auditory cue, one of two fall 
techniques had to be performed during a fall. One technique was a natural fall 
arrest strategy with an outstretched arm into the direction of the fall; the other 
technique was an MA fall, which is characterized by rolling on over the trunk 
after impact. The cue was given at different delays after the start of the fall. 
The successfulness on the task was assessed by two independent observers. 
Muscle activation patterns of the two techniques were determined, as well as
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reaction times to the cue. Reaction time was defined by the instant at which 
muscle activation patterns started to differ between techniques. Finally, muscle 
activation patterns of experienced and inexperienced fallers were compared in 
order to evaluate the effect of extensive training on timing, amplitude and 
patterning of EMG responses.
Methods
Participants
A total of fourteen healthy, young women (aged 21-35) participated; five 
participants were seasoned judokas (experienced group, 19-25 years of judo 
experience) and nine were inexperienced in any fall technique (inexperienced 
group). None of the participants suffered from any neurological or musculoskeletal 
disorder that could affect their performance and/or behaviour in this study. 
The Ethical Board of the region Arnhem-Nijmegen approved the protocol and 
participants gave informed consent to participate.
Experimental set-up and protocol
The experimental set-up consisted of a 2.2 m by 2.7 m platform, covered with 
judo mats (4 cm polyurethane foam, Agglorex®, Lommel, Belgium). The participants 
were kneeling on the platform. They held on to a grip with the extended right arm, 
such that the lateral inclination of the trunk and upper legs was 21°, relative to the 
vertical (see Figure 5.1).
The participants received a vocal command to release the grip. The moment 
of release was detected by a load switch, placed in series with the grip. After 
release, participants started falling to the left and during the fall they received one 
of two auditory cues, one at a low pitch (500 Hz) or one at a high pitch (3000 Hz). 
The low pitch cue indicated that a natural fall arrest strategy was required, 
characterized by stretching out the left arm into the direction of the impending fall 
in combination with trunk lateral flexion in opposite direction (Allum et al., 2002; 
Groen et al., 2007). This technique, in which the fall was blocked with the arm, will 
be referred to as the Block technique (Figure 5.1a). The high pitch cue indicated 
that a martial arts fall technique (MA), derived from judo was required. 
This technique is characterized by trunk lateral flexion in combination with trunk
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Figure 5.1 Schematic representation of fall techniques. In the starting position subjects 
held on to a grip with the extended right arm: (a) Block fall technique (b) MA fall technique. 
Impact is indicated by a broken arrow.
rotation and shoulder protraction in order to enable rolling on after impact (Groen 
et al., 2007) (Weerdesteyn et al., 2008)(Figure 5.1b). The auditory cue was 
delivered at three delays after release, 1 ms, 40 ms or 80 ms, yielding six 
experimental conditions (two techniques at three delays). To familiarize to the 
task, each participant performed 20 practice trials. During the experiment, the 
participants performed five trials of each of the six conditions, randomly divided 
over one series of 30 trials. Finally, one catch trial without auditory cue was 
included at the end of the protocol. Two independent observers judged during 
the experiment whether the required technique had been performed successfully. 
They agreed in 100% of cases. Successful execution of a Block fall was defined 
as consecutively impacting the hip and the left hand or elbow without rolling on 
after impacting the left arm. Execution of the MA fall was successful when the 
subject rolled on after hip impact and the left arm was either not impacted or 
slapped on the mat after hip impact. Electromyographic recordings (EMG) were 
obtained from the left trapezius (TR), deltoideus pars posterior (DP), deltoideus 
pars anterior (DA), pectoralis (PE) and from the left and right obliquus abdominus 
(OA) and sternocleidomastoideus (SC) muscles, using self-adhesive electrodes
(a)
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Figure 5.2 Graph (a) shows an example of one participant for the 40 ms delay 
condition, during one trial of the MA and one trial of the Block technique. The upper 
part of the graph shows the vertical force (Fz) and the lower part shows the normalized 
EMG amplitude of one exemplary muscle, the left deltoideus pars posterior (DP-left). 
All EMG data were normalized with respect to the mean level of activity during the 
starting position. Graph (b) shows the method of EMG data processing on two EMG 
records of DP-left. The mean of the MA and of the Block technique in the 40 ms delay 
condition are shown for one participant. The lower graph shows these records divided 
into 30 bins of 10 ms following the cue. Note that the EMG amplitudes of the MA and 
Block technique start to diverge at about 190 ms.
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(Ag/AgCI) (Conmed Neotrode®) placed approximately 2 cm apart and longitudinally 
onthe belly ofthe muscle. EMG signals were pre-ampllfled and analog band-pass 
filtered (10-500 Hz). EMG data were sampled synchronously with the load switch 
at 2400 Hz and stored on a microcomputer.
Data analysis
For each participant and each condition, success rates were determined, as 
defined by the percentage of correctly performed trials. EMG signals were first 
processed by bidirectional high-pass filtering (fourth-order Butterworth filter; 
15 Hz) to remove motion artefacts. To remove electrocardiographic (ECG) Interference 
from EMG records of PE, and for some participants of OAas well, the ECG frequencies 
were Isolated by low-pass filtering (50 Hz) and then subtracted from the signal. 
Subsequently, records of all the muscles were Hilbert transformed, full wave rectified, 
and bldlrectlonally low-pass filtered (fourth-order Butterworth filter; 25 Hz) to acquire 
an adequate ‘linear envelope’ of the signal. The mean reference EMG activity was 
computed over 20 trials during 1 s of quiet hanging before fall Initiation for each 
participant and for each muscle. EMG signals In response to the auditory cue were 
normalized with respect to this reference activity.
An example of normalized EMG signals of one muscle, during one trial of 
each technique Is provided In Figure 5.2a. For each participant, each muscle, 
and each condition, mean normalized EMG amplitudes were computed for 30 
bins of 10 ms following the cue. Figure 5.2b Illustrates how mean normalized EMG 
amplitudes were calculated for an MAcondltlon and a Block condition. The overall 
mean fall duration was 405 ms. Given the maximum cue delay of 80 ms, the 30 
bins following the cue Include EMG activity during the fall, prior to Impact.
To control whether subjects postponed fall arrest-related muscle activation 
until the cue, EMG amplitudes were also computed In the 150 ms period (15 bins 
of 10 ms) following release of the grip. In this period, cue-related activation was 
not expected for any ofthe cue delays, assuming that 150 ms Is the minimum time 
limit In choice reaction tasks (Carson et al., 1995).
Statistical analysis
Multivariate analyses of variance (MANOVA) for repeated measures were 
used for statistical analysis of success rates and EMGs of the eight muscles. 
Group (experienced or Inexperienced) was used as a between-subjects factor.
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Within-subjects factors were fall technique (Block or MA), delay condition (1 ms, 
40 ms, and 80 ms), and bins of EMG activity. With respect to the latter factor, 30 
bins following cue were Included In the analysis of the cue-related (and thus 
technique specific) effects. In the analysis of release-related EMG activity, 15 bins 
following release were Included. Post-hoc deviation contrasts were determined to 
differentiate between the delay conditions. To detect the first bln after the cue In 
which significant differences In EMG activity between the techniques occurred 
(point of divergence), post-hoc reverse Helmert contrasts were used. An additional 
criterion for the determination of this point of divergence was that the difference 
between the techniques had to remain significantly different for four subsequent 
bins. This criterion was defined as a significant main effect of technique In an 
additional MANOVA forthe four bins following the point of divergence. To analyse 
the strategies used to arrest the fall In the catch trial, a binomial test was applied. 
The alpha level was set at 0.05 for all tests.
Results
Success rates
Participants successfully performed the requested technique In 85% of the falls. 
Table 5.1 shows the means and standard deviations of fall technique success 
rates of all participants for each condition.
Success rates did not differ between the experienced and Inexperienced 
fallers (main effect of group, F(1,12) = 0.643, p = 0.438, r|p2 = 0.051), nor between 
the Block and MA technique (main effect of technique, F( 1, 12) = .188, p = 0.673, 
T|p2 = 0.015). Success rates were significantly affected by the cue delay (main 
effect of delay, F(2, 12) = 6.983, p = 0.004, r|p2 = 0.368). Post-hoc contrasts 
revealed that participants were more successful In trials with cue delays of 1 ms 
and 40 ms than In trials with cue delays of 80 ms (p = 0.003, r|p2 = 0.529 and 
p = 0.034, T|p2 = 0.322 respectively). Experience In MA techniques did not affect 
the success rates In the six experimental conditions, as Indicated by the absence 
of significant Interactions between technique and group and between group and 
delay (all p-values > 0.129).
During the catch trial, when no cue was given, three (= 60%) of the experienced 
and three (= 33.3%) of the Inexperienced fallers used the Block technique,
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Table 5.1 Means (SD) of success rates for the 3 cue delays in MA and Block.
Block falls MA falls
Cue delay (ms) 1 40 80 1 40 80
Experienced 
(n =  5)
80 (14) 87 (14) 67 (16) 96 (9) 93 (10) 71 (22)
Inexperienced 
(n = 9)
91 (11) 84 (22) 91 (15) 93 (14) 86 (15) 72 (23)
whereas one (= 20%) of the experienced and three (= 33.3%) of the Inexperienced 
fallers used the MA technique. A fall arrest that could not be labelled as Block or 
MA was made by one (= 20%) of the experienced and three (= 33.3%) of the 
Inexperienced fallers. The groups were not significantly different In their choice 
for MA or for Block technique (p = 0.754).
Effects of technique
Differences In EMG amplitudes between techniques could be observed In all the 
muscles. In general, the amplitudes during 300 ms following the cue were higher 
In Block than In MA falls. In addition, shoulder muscles demonstrated more 
pronounced differences In EMG amplitudes between the techniques than the 
abdominal and sternocleldomastoldeus muscles. The EMG amplitudes for the 
two techniques, averaged over all subjects, are presented In Figure 5.3.
Analysis revealed technique-specific differences In EMG amplitudes, as 
Indicated by significant Interactions between technique and bln In all the muscles, 
(F(29, 348) = 1.547-11.598, all p-values < 0.038). For six muscles (all except 
OA-left and SC-rlght) post-hoc contrasts revealed a significant point of divergence, 
Indicating that EMG amplitudes started to diverge between techniques and 
remained significantly different for at least four bins. For TR, DP, and OA-rlght the 
point of divergence was observed In bln 19 (180-190 ms, p = 0.043, r|p2 = 0.300; 
p = 0.012, T|p2 = 0.423; and p = 0.028, r|p2 = 0.341, respectively). For PE, EMG 
amplitudes started to diverge In bln 20 (190-200 ms, p = 0.038, r|p2 = 0.313), for 
SC-left In bln 24 (230-240 ms, p = 0.038, r|p2 = 0.312), and for DA In bln 27 
(260-270 ms, p = 0.041, r|p2 = 0.304).
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Figure 5.3 Mean normalized EMG amplitudes for MA and Block falls in bins of 
10 ms, averaged over all participants. All EMG data were normalized with respect to 
the mean level of activity during the starting position. Arrows indicate the points of 
divergence between the EMG patterns of both techniques. For OA-left and SC-right 
no point of divergence could be detected.
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To illustrate the distinction between Block and MA techniques more clearly, 
the differences In EMG amplitudes between the two techniques are plotted In 
Figure 5.4 (Block minus MA). This figure shows also the standard error of the 
difference between the EMG amplitudes of Block and MA techniques to give an 
Impression of the between-subjects variability. Following the points of divergence, 
technique-specific activation levels were higher In Block falls than In MA falls for 
all the muscles, except for PE. In this muscle, the technique-specific activation 
was higher In the MA technique. Following the cue, EMG amplitudes In TR, DP, 
and OA-rlght during MA falls were 79%, 61%, and 81% of the amplitudes during 
Block falls. In PE, EMG amplitudes during MA falls were 130% of the amplitudes 
during Block falls.
Figure 5.4 Difference between mean EMG amplitudes of Block and MA techniques, 
averaged over all participants, for the eight muscles recorded. Plus and minus one 
standard error of the difference is shown with dotted lines. Positive values indicate that 
the amplitudes of Block techniques are higher than of MA techniques. All EMG data were 
normalized with respect to the mean level of activity during the starting position. For the 
six muscles that showed a point of divergence, this point is indicated with an arrow.
time after cue delivery (ms)
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Effects of delay
To investigate whether it is possible to change the fall strategy even if one decides 
to make such a change after the onset of a fall, several delays were introduced 
between fall initiation (release) and cue. First, an analysis of the EMGs synchronized 
to the instant of release of the grip was performed. By means of this analysis of 
15 bins (150 ms) following release of the grip, it was investigated whether the 
subjects indeed postponed the start of a voluntary fall arrest strategy until the 
cue. Because in this time any cue-related activity was not to be expected, this 
analysis would also demonstrate the effect of the fall on EMG amplitudes. In all 
the muscles a gradual increase was obvious.
Figure 5.5 presents the EMG amplitudes in the three delay conditions from 
release of the grip until 300 ms after the cue for one exemplary muscle. 
The gradual increase was confirmed by significant main effects of bin in the 
analyses of all the muscles (F( 14, 168) = 4.426-19.815, all p-values < 0.001)
Figure 5.5 Mean EMG amplitudes of one exemplary muscle (OA-right during Block 
falls) for the three delay conditions, from release of the grip until 300 ms after the cue.
All EMG data were normalized with respect to the mean level of activity during the 
starting position. The point of divergence is indicated with an arrow. For all delay 
conditions a gradual increase from the instant of release (i.e. 1 ms, 40 ms, and 80 ms 
before the cue) occurs, resulting in a difference in background activity at the point of 
divergence.
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except for TR (F( 14, 168) = 1.069, p = 0.389, r|p2 = 0.082) and SC-left (F(14, 168) 
= 1.045, p = 0.411, T|p2 = 0.080). The analyses failed to show significant effects of 
technique on EMG amplitudes In any muscle (F(1, 12) = 0.002-3.719, all p-values
> 0.078), except for SC-left (F(1, 12) = 5.789, p = 0.033, r|p2 = 0.325). In addition 
there were no significant effects of delay (F(2, 24) = 0.103-1.421, all p-values
> 0.261 for all the muscles).
In the second place It was Investigated whether EMG amplitudes were differently 
Influenced by the cue delays. In the analysis of EMG amplitudes during 300 ms 
following the cue, there was a significant main effect of delay on EMG amplitudes 
In all the muscles (F(2, 24) = 5.556-25.735, all p-values < 0.01). In all the muscles, 
EMG amplitudes Increased with Increasing cue delay. In the 80 ms delay condition, 
mean amplitudes were on average 39 ± 14% largerthan in the 1 ms delay condition. 
Post-hoc contrasts revealed that In the 80 ms delay condition all the muscles 
showed significantly larger overall EMG amplitudes than In the 1 ms delay condition 
(all p-values < 0.007) and the 40 ms delay condition (except for TR, all p-values
< 0.033). In addition, for TR, OA-rlght and SC-left significantly larger amplitudes 
were observed In the 40 ms compared to the 1 ms delay condition (p-values
< 0.038). To Investigate If responses were more vigorous with Increasing cue delay, 
the Interaction effects between delay, technique and bln were analysed. For none 
of the muscles this Interaction effect was significant for four bins In a row.
Effects of experience
The Influence of experience on the EMG amplitudes of both the Block and MA 
falls was evaluated by comparisons of the experienced with the Inexperienced 
group In the analysis of the 30 bins following the cue. In the six muscles with a 
point of divergence, which were TR, DP, DA, PE, OA-rlght and SC-left, the Influence 
of experience on the differences between the Block and MA techniques could be 
Identified by Interaction effects between group and technique. These Interaction 
effects were significant In TR (F(1, 12) = 4.927, p = 0.046, r|p2 = 0.291) and In PE 
(F(1, 12) = 6.317, p = 0.027, r|p2 = 0.345). For these muscles, MA and Block EMG 
amplitudes for both groups are shown In Figure 5.6.
With respect to TR (see Figure 5.6a), In the Inexperienced group the early 
activation (before the point of divergence) was relatively high compared to the 
experienced fallers. Activation remained at this high level after the point of 
divergence (190 ms) In case of a Block fall, but decreased In case of an MA fall.
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Figure 5.6 EMG amplitudes, averaged over the three delay conditions, for the 
experienced and inexperienced group. All EMG data were normalized with respect to 
the mean level of activity during the starting position. In graph (a) these records are 
shown for the trapezius and in graph (b) for the pectoralis. Arrows indicate the points 
of divergence.
a)
time after cue delivery (ms)
In the experienced group, early activation in TR was relatively low. Activation 
remained at this low level after the point of divergence in case of an MA fall, but 
increased in a Block fall. With respect to PE (see Figure 5.6b), there was a steeper 
increase of MA-specific activity in the experienced group compared to the 
inexperienced fallers. In addition, analysis yielded a main effect of group for PE 
(F( 1, 12) = 9.639, p = 0.009, r|p2 = 0.834). In PE, the inexperienced fallers had 
only 42.9% of the overall EMG amplitudes compared to the experienced group.
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Discussion
The aim of the present study was to examine the neuromuscular control of a fall 
technique during a sideways fall. An experiment was conducted in which 
participants received a cue as to which fall technique (Block or MA) they had to 
apply during an ongoing fall. The results showed that participants were able to 
adjust the ongoing falling movement, as they were successful in performing the 
requested fall techniques in 85% of the falls. Inexperienced fallers, after a 30-min 
training session in MA fall techniques, were as successful as experienced fallers 
in this task. There was no difference between the success rates of the two 
techniques, implying that the experimental set-up did not favour one of the 
techniques and that the techniques were equally difficult to implement.
Effects of technique
Neuromuscular control characteristics were evaluated on the basis of EMG 
recordings of eight selected shoulder and trunk muscles. In six muscles, namely 
TR, DP, DA, PE, OA-right and SC-left, technique-specific differences in EMG 
amplitudes were observed. Hence, the EMGs of these six muscles could 
discriminate between the MA and the Block technique. Activity after the point of 
divergence was significantly higher during Block than during MA techniques in all 
these muscles except PE, which was more active during an MA fall. In order to 
understand these differences in activation levels, it is necessary to consider the 
functions of the muscles in relation to the characteristics of the movements during 
the two different fall techniques. During a Block fall, the left shoulder is elevated 
and the arm is outstretched into the direction of the fall, which is consistent with 
the enhanced activation levels of TR, elevating the shoulder, and DP and DA, 
abducting the arm. Trunk orientations at impact are more vertical in Block than in 
MA falls (Groen et al., 2007), which is in line with higher activation levels of the 
OA-right as a muscle that lateroflexes the trunk to the right. The activation levels 
in these muscles were reduced in an MA fall. Characteristics of the MA fall are 
shoulder protraction and arm adduction, which is consistent with higher PE 
activation levels. The trunk rotation that is characteristic for MA falls could be 
partly explained by the current results. Activity of OA-left can produce heterolateral 
rotation of the trunk. Yet, EMG amplitudes of OA-left were not higher for MA than 
for Block falls. On the other hand, PE is also known to contribute to trunk rotation
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(Kumar et al., 2003). This muscle indeed was more active in MA than in Block 
falls. It might be that other muscles, such as the internal oblique abdominal 
muscle and paravertebral muscles, were also involved in trunk rotation in the MA 
technique. Finally, head stabilization is required in both techniques, which explains 
increased activation levels in SC muscles on both sides. It may be that more 
activity is required in Block falls in order to prepare for the abrupt landing, in 
contrast to the rather gentle landing as a result of rolling in the MA fall. Although 
only SC-left shows a significant point of divergence, a similar tendency can also 
be observed in SC-right.
In the current study, the earliest points of divergence in the EMG patterns of 
the two techniques were found at 180-190 ms after the cue. Technique-specific 
differences in EMG activity were not expected within 150 ms afterthe cue, because 
this is the minimum time limit for simple reaction times by cortical pathways (Hase 
and Stein, 1998). Reaction times to a cue increase if more than one response is 
possible. The minimum time limit in such a choice reaction task increased by 
about 23 ms compared to a simple reaction task (Carson et al., 1995). Based on 
this number, choice reaction times for applying acquired fall techniques during a 
fall were expected to be at least about 175 ms. Hence, the presently observed 
reaction times were in line with the literature.
Effects of delay
The successfulness on the task performance was reduced by increasing time 
pressure. However, this decline was only significant in the highest time pressure 
condition (80 ms delay) as compared to both the 1 ms and 40 ms delay condition. 
These results are in agreement with the findings of Feldman and Robinovitch 
(2004), who tested the ability to avoid hip impact by rotating backward or forward 
on instruction, during a fall from standing height. They presented the cues with 
delays ranging from 300 ms before release to 300 ms after release, and found 
that earlier cue delivery during the fall (indicating the required direction of rotation) 
led to better performance of the required rotation. They identified a critical window 
of 200 ms within which rotation should be initiated in order to be effective. In the 
present study, fall durations were 405 ms on average, and reaction times were 
180-190 ms. Hence, in the 80 ms delay condition only 145-155 ms remained as 
available movement time. This time is probably at the limit of movement times, 
necessary to perform the fall techniques adequately, as was indicated by the
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decreasing success rates in this condition. Because Feldman and Robinovitch 
(2004) reported only the cue delay without the total fall duration, the minimum 
reaction and movement time, required for adequate performance of backward 
and forward rotation could not be estimated from their data.
Absence of significant effects of delay and technique in the analyses of EMG 
amplitudes during 150 ms following release of the grip showed that there was no 
effect of the cue in this time. This indicated that participants postponed the start 
of a voluntary fall strategy until the cue. However, the start of any muscle activation 
was not postponed. The significant main effects of bin are indicative of increasing 
muscle activation with increasing time after release of the grip, independent of the 
cue. It might be that a gradual increase of muscle activity was present as a result 
of anticipatory activity to the fall arrest itself. The results of the catch trials 
supported this suggestion of an anticipatory fall arrest activity, as all participants 
employed some type of fall arrest strategy. This fall arrest, independent of the 
cue, might have been influenced by perception of the landing surface. In the 
present study, impacting the judo mat with a drop fall on the side would be at 
least uncomfortable. As in real-life falls usually occur on hard surfaces, the current 
results may indicate that the landing surface in the present set-up closely 
approached real-life situations.
In the analyses of the EMGs during 300 ms following the cue, significant effects 
of delay on amplitude were present in all the muscles. This suggested that the EMG 
amplitudes increased as a consequence of shortening of the available time to 
perform the fall technique, which may have resulted in a more vigorous response. 
However, when the delay of the cue increased, the cue was delivered at a later 
instant during the fall. As shown by the analyses of EMG amplitudes during 150 ms 
following release of the grip, the activity as a result of the fall itself was increased 
when fall duration increased. It follows that at the time of the point of divergence 
there was a higher background activity level in the 80 ms delay condition than in the 
other conditions. In other words, the gradual, fall-related increase of muscle activity 
was interfering with the activity resulting from a voluntary fall strategy. Hence it 
cannot be excluded that the increasing amplitudes with increasing cue delay could 
be attributed to the increasing activity as a result of the fall itself. Significant 
interaction effects between delay, technique and bin, that could confirm more 
vigorous responses in increased cue delays, were not present in this study. It might 
be that with a larger number of subjects these interaction effects would exist.
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Effects of experience
The similarity of the success rates overthe groups (experienced and inexperienced 
fallers) suggests that only a brief training would suffice to perform an adequate 
fall technique. In line with previous studies (Zehr et al., 1997; Yiou and Do, 2001), 
the present study showed that detailed analyses are needed to reveal differences 
between experts and novices in sports. Analysis of EMG amplitudes revealed 
that the amplitudes of TR and PE significantly differed between the groups. 
The experienced fallers increased MA-specific PE activity more than the 
inexperienced fallers (see Figure 5.6b). This may have resulted in a more 
pronounced protraction of the shoulder, adduction of the arm and rotation of the 
trunk in the experienced fallers. Further analysis of kinematic data is needed to 
confirm this. In addition, higher early PE activation suggested thatthe experienced 
fallers prepared an MA fall, whereas early activity in TR tended to be higher in the 
inexperienced fallers, possibly indicating a preparation for the Block technique. 
As a result of years of MA training, experienced fallers might have changed this 
automated preparation to an impending fall with the Block technique, into a 
preparation for trunk rotation, initiated with shoulder protraction. A decrease in TR 
activation could be part of this altered preparation pattern as well. Previous 
studies showed that reduction of hip impact force by application of the MA fall 
was more pronounced in judokas than in non-judokas (Weerdesteyn et al., 2008). 
This larger reduction in experienced fallers may have been caused by the altered 
preparation and/or more pronounced technique-specific PE activation in this 
group. This might have resulted in a better trunk curvature, allowing a more 
optimal distribution of impact forces along the contact path. Further analysis of 
trunk kinematics and impact forces could provide more insight into this issue.
Limitations of the study
A limitation of the study was that the falls were self-initiated, whereas falls in real 
life are not. To imitate real-life falls more closely, falls in the present experiment 
were initiated on command to release the grip. In this way the subjects, just like in 
real-life falls, could not choose the instant of fall initiation freely. The cue delay was 
mimicking the time, during a real-life fall, available to detect loss of balance and to 
decide to apply a fall technique. Falls in real-life may be accompanied by automated 
reactions, such as startle reactions, as a result of the detected loss of balance. 
Due to the voluntary nature of the falls, startle reactions were absent in the present
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experiment, as evidenced by the absence of short-latency startle reactions in SC, 
indicative of startling (Carlsen et al., 2003). Since startles are known to speed up 
voluntary responses, it might be that in real-life falls the reaction times of 180-190 
ms, as observed in the present study, could even be advanced.
Secondly, this experiment was performed with young women. The question 
remains whether the current results of voluntary fall techniques can be extrapolated 
to the elderly. Reaction times of elderly people to consciously initiate a fall 
technique are probably longer than those observed in young participants. 
Previous studies showed increases in latencies of 31-117 ms for voluntary 
movements in the elderly (Chen et al., 1994; Luchies et al., 1994; Robinovitch et 
al., 2005; Tirosh and Sparrow, 2005). Moreover, in the elderly movement times 
increase as well (Robinovitch et al., 2005) as a result of changes in muscle 
properties and muscle control (Pijnappels et al., 2005; Thelen et al., 2000). Further 
research has to be done to investigate how much additional time elderly people 
would need to apply a fall technique properly.
Finally, the sample size in the current study was rather small and unequally 
divided over the experienced and inexperienced fallers. The unequal distribution of 
the participants over the groups was due to the hesitation of experienced judokas 
to participate in a fall study. It might be that, with larger numbers of participants, 
outcomes would be more pronounced. However, even with the small number of 
experienced fallers, significant differences were found between the groups.
Implications of the study
MA techniques could be successfully implemented within fall durations of 405 
ms. The duration of a real-life fall from standing height has been reported to be 
715 ± 160 ms (Robinovitch et al., 2005). Hence, it should be possible to apply 
these techniques during a real-life fall from standing height as well. The results 
showed that there is a critical period before impact, within which a fall technique 
should be initiated, to be performed correctly.
In line with the conclusions of a previous study (Weerdesteyn et al., 2008), the 
present study showed that the MA fall technique is easy to learn. Previous studies 
showed that the MA fall technique markedly reduced hip impact forces. For this 
reason, the MA fall technique should be preferred over the Block technique in 
reducing fall-related injuries. With these findings, incorporation of fall techniques 
and in particular of MA techniques in fall prevention programmes is supported.
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Differences in early activity of PE, as found in the present study, suggested that 
experienced fallers anticipated a possible fall with a preparation for trunk rotation, 
in contrast to the inexperienced fallers. Moreover, differences indicated a more 
pronounced use of PE during an MA fall in experienced fallers. The experience- 
related differences in activation profiles indicate that in MA falls training the 
element of shoulder protraction deserves specific attention. The amount of 
training needed to optimally benefit from training of MA fall techniques (in terms 
of impact reduction) and their application in real-life falls should be further 
investigated, to be able to weigh the costs of extensive training against the 
benefits for additional reduction of injury risk.
Conclusions
The results of this study showed that it was possible to apply a fall strategy that 
was cued during a fall. The decreasing success rates with increasing cue delay 
supported the hypothesis that there is a limit in the cue delay still leaving enough 
time to perform the fall technique. For the application of a voluntary fall technique 
during a sideways fall from kneeling height this minimum movement time, 
necessary to perform the fall technique adequately, was about 145-155 ms.
The EMGs showed reactions to the cue at onset latencies of about 180-190 
ms, which was the minimum reaction time that could be expected for a choice 
reaction task, as used in the present experiment. The EMG amplitudes showed 
technique-specific differences that could mainly be explained by the different 
functions of the muscles during the techniques.
The effects of time pressure on the performance of the fall technique might 
be a more vigorous response. In the present study the potential presence of this 
effect of time pressure was obscured by an increase of EMG amplitudes during 
the fall, independent of the cue. The observation that only subtle differences 
could be detected in EMG activity between experienced and inexperienced 
people supported previous findings that MA fall techniques are easy to learn.
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Trainability of MA falls In older Individuals
Introduction
Hip fractures are a worldwide health problem. Due to demographic trends, the 
yearly number of hip fractures is quickly rising and will reach an estimated 6.3 
million in 2050 (Cooper et al., 1992). After adjusting for age and previous 
hospitalization, mortality risk increases threefold during the first six months after 
a hip fracture and remains substantially increased for at least six years post 
fracture (Farahmand et al., 2005). In addition, hip fractures are associated with a 
decrease in physical function, in quality of life, and a loss of independence; they 
are also responsible for high medical costs (Cummings and Melton, 2002).
About 90% of all hip fractures are caused by falls (Cumming and Klineberg, 
1994). Persons with osteoporosis are at high risk for hip fractures because of their 
low bone strength. Consequently, hip fracture prevention has usually targeted at 
the prevention of further bone loss, predominantly by the prescription of 
bisphosphonates (Hochberg et al., 2002; Orwoll et al., 2000; Harris et al., 1999; 
McClung et al., 2001; Chesnut III et al., 2004). In addition to low bone mineral 
density, however, the mechanics of a fall are independent and at least as important 
risk factors for hip fractures. This is particularly true for the fall direction (Greenspan 
et al., 1994). In case of falls to the side with direct impact on the greater trochanter, 
the risk for hip fracture increases the most (Nevitt and Cummings, 1993; Wei et 
al., 2001). In this type of fall, hip protectors might reduce the risk of hip fractures. 
In vitro experiments have shown that hip protectors indeed decrease the impact 
load on the greater trochanter (Kannus et al., 1999; Robinovitch et al., 1995a; van 
Schoor et al., 2006). Clinically, however, the beneficial effect of hip protectors on 
hip fracture risk has not yet been unequivocally proven (Kiel et al., 2007; Parker et 
al., 2005).
Alternatively, it may be possible to teach older individuals how to fall safely 
(DeGoede et al., 2003). Recent experimental studies have indicated that fall 
training based on martial arts (MA) fall techniques may be useful (Sabick et al., 
1999; Groen et al., 2007). An important characteristic of MA fall techniques is that 
a fall is changed into a rolling movement. By rolling, the forces are distributed over 
a larger impact site and the amount of energy to be absorbed during impact is 
reduced because kinetic energy is preserved during the rolling movement. Other 
characteristics of the MA fall technique are head protection and the use of the 
arm to break the fall. It was shown that in young, experienced martial artists, MA
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fall techniques Indeed reduced hip Impact forces by 12-27% compared to other 
types of falls, Including a natural fall arrest strategy with an outstretched arm 
(Groen et al., 2007; Sablck et al., 1999). In addition, MA fall techniques seemed to 
be easy to learn, since a 30-mln training resulted In a 17% reduction of hip Impact 
force In young adults (Weerdesteyn et al., 2008).
From blomechanlcal modelling studies there Is evidence that arrest strategies 
that Involve knee flexion, waist flexion and trunk rotation are most effective to reduce 
Impact forces during a sideways fall (Loand Ashton-Mlller, 2008). Since this movement 
combination Is essential during an MA fall to enable rolling after Impact, the study of 
Lo and Ashton-Mlller (2008) confirms the potential effects of MA fall techniques In 
reducing Impact forces and, thereby, reducing the risk for hip fractures. Importantly, 
they found that such an arrest strategy was effective to reduce the Impact forces 
below the fracture thresholds even when the effects of ageing on muscle forces 
(reduction of 30% In muscle force) were simulated In the model.
Recently, MA fall training was Introduced as an element of a fall prevention 
programme for healthy, elderly persons (Weerdesteyn et al., 2006). Based on 
observation, the participants were able to learn these MA fall techniques within 
five sessions. However, the tralnablllty of these techniques and the effectiveness 
of the training In elderly persons have not yet been measured. Therefore, the 
purpose of the present pilot study was to determine whether healthy, older 
Individuals could learn MA fall techniques during a five-session fall training and 
whether this would result In a reduction of the hip Impact force during a sideways 
fall. It was hypothesized that healthy, older Individuals could learn MA fall 
techniques during the training and that better fall skills would result In a reduction 
of hip Impact force during a sideways fall.
Methods
Participants
For participation In this pilot study, 28 healthy Individuals aged between 60 and 81 
years were recruited from local sport activities for seniors. Three Individuals were 
not able to complete the study due to medical reasons unrelated to the study. 
Hence, a total of 25 participants (6 male and 19 female) completed the study 
(Table 6.1). All participants lived Independently and were able to walk without
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walking aids for at least 15 min. Exclusion criteria were contraindications for physical 
exercise, a history of a cerebral vascular accident with remaining symptoms, 
diseases of the central or peripheral nervous system, use of psychotropic 
medication, osteoporosis or increased risk for osteoporosis (Elders et al., 2005), 
body mass index below 20, and prior experience in MA fall techniques. Inclusion 
and exclusion criteria of the participants were evaluated using structured interviews 
by telephone. In case of doubt, a physician was consulted to determine whether 
participation was allowed. All participants signed an informed consent and the 
Medical Ethical Board for the region Arnhem-Nijmegen approved the protocol.
Table 6.1 Subject characteristics.
Subject characteristics Mean (SD) Range
Number 25
Gender (male/female) 6/19
Age (years) 69.5 (5.9) 60 - 81
Body mass (kg) 72.92 (9.28) 56 - 95
Height (m) 1.66 (0.08) 1.51 - 1.82
Body mass index 26.60 (2.65) 20.25-33.46
Number of participants with fall(s) 
within the previous year
5
Sample size
The sample size calculation was based on data from a previous study in healthy, 
young adults demonstrating a reduction in hip impact force after a brief period of 
MA fall training (Weerdesteyn et al., 2008). In the present study we compared 
differences in performance of MA techniques, whereas in the previous study 
different techniques were compared. Therefore, we expected a smaller difference 
in mean hip impact force (normalized for bodyweight (BW), 0.3 BW instead of 0.41 
BW). Furthermore, a larger standard deviation of the differences (0.4 BW instead 
of 0.31 BW) was expected for the group of older individuals. For the study to have 
a power of at least 0.9 with a set at 0.05, a sample size of 21 persons would be 
sufficient. A post-hoc calculation showed an actual power of 0.78.
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Study design
For this pilot study we used an experimental within-subject design without control 
group. Prior to this study it was unknown whether older individuals are able to 
learn MA fall techniques at all. In addition, it was uncertain if they could participate 
in fall experiments because, as far as the authors know, this was the very first 
study in which older individuals participated in fall experiments. Therefore, a pilot 
study without control group seemed to be warranted to provide provisional 
evidence before designing a randomized clinical trial.
Intervention
The fall training was identical to the fall training included in the Nijmegen Falls 
Prevention Program (Weerdesteyn et al., 2006). It consisted of five weekly sessions 
of 45 min in which the participants learned to apply MA fall techniques in a 
forward, backward and sideways direction. Fall exercises started in sitting 
position, followed by falls from a kneeling and standing position.
Experimental set-up and protocol
Fall performance in the sideways direction was assessed both before (within two 
weeks prior to training) and after the intervention (within one week after training). 
The participants were kneeling on a padded surface next to the force plate (1.2 m 
x 1.2 m, Bertec® corporation, Columbus, Ohio, USA, 2400 Hz) that was embedded 
in a 2.7 m x 2.7 m platform and was covered with judo mats (4 cm polyurethane 
foam, Agglorex®, Lommel, Belgium). They held on to a grip with the right arm such 
that the lateral inclination of the trunk and upper legs was 22° relative to the 
vertical. The left arm was held in front with 90° shoulder flexion and extended 
elbow (Figure 6.1a). Participants initiated a fall by releasing the grip, immediately 
after the instruction to do so. A load switch (2400 Hz) that was placed in series 
with the grip was used to detect the instant of release.
Pre-intervention, the MA fall was demonstrated two times by one of the 
investigators. Subsequently, participants imitated the technique several times to 
become familiar with the experimental set-up prior to data collection. It was 
emphasized that they should not land on the hand first. Post-intervention, only 
the initial position was demonstrated and no practice trials were allowed. 
The participants performed a total of five sideways falls per assessment 
(Figure 6.1b). Additional falls were performed if a participant clearly started to
94
Trainability of MA falls In older Individuals
Figure 6.1 Experimental set-up. (a) The participants started in kneeling position next 
to the force plate covered with judo mats. They held on to a grip with the outstretched 
right arm, such that the vertical trunk angle (a) was 22° to the vertical. The participants 
held the left arm in front of them, (b) Stick figure of a martial arts fall technique from 
kneeling position. The fall is changed into a rolling movement and the arm is used to 
break the fall after hip impact. A broken arrow indicates impact.
move prior to releasing the grip. The participants wore soft-shell hip protectors 
(Lyds international B.V. Amstelveen, The Netherlands).
Prior to data collection, reflective markers were placed on anatomical landmarks 
of the body. Data collection started with a reference measurement to define the 
position of the greater trochanter (GT) with respect to a marker frame with three 
markers that was attached to the femur. The GT markerwas subsequently removed. 
The position of the virtual GT marker during the falls was calculated based on the 
position and orientation of the marker frame by the method described by Soderkvist 
and Wedin (1993). The positions of the markers were recorded by a six-camera 3-D 
motion analysis system (Vicon®, Oxford, UK) at 200 Hz. In addition, two video 
cameras (Panasonic®SDII, Matsushita Electric Industrial Co., Osaka, Japan, 25 Hz)
(a
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recorded the falls from an anterior and lateral (right side) point of view. These videos 
were rated between one (very poor) and ten (excellent) by two Independent physical 
therapists who are experts In MA (MA-experlence for more than 20 years and 
MA-tralner for more than 10 years). The videos were renamed such that It was not 
possible for the experts to determine whether It was a pre-lnterventlon or post- 
intervention video. Visual analogue scale (VAS) scores for general fear of falling In 
dally life were obtained from the participants. VAS scores are frequently used to 
measure changes within Individuals with respect to a characteristic or attitude that 
Is believed to range across a continuum of values and cannot easily be directly 
measured, such as pain, fatigue or fear. As we were Interested In the (wlthln-subject) 
changes In general fear of falling as a result of the Intervention, we decided to use 
a slngle-ltem VAS score even though It has not been validated for this specific 
purpose. Post-lnterventlon, the participants answered self-efficacy questions on a 
five-point scale with regard to their confidence to apply MA techniques during a fall 
in a training situation and in daily life.
Data analyses
First, the kinematic data were analysed to check if participants did not start 
moving prior to releasing the grip, as defined by a change in vertical trunk angle 
of more than 7°. In addition, it was determined whether the hip was the first site of 
impact using the vertical position of the virtual GT marker at initial impact. 
Falls were excluded if this was not the case or when hand and hip impact occurred 
simultaneously. Initial impact was defined as the instant at which the vertical 
force as measured with the force plate first exceeded 10 N. These instants 
were automatically detected with a custom written program in MATLAB® 
(The MathWorks, Natick, Massachusetts, USA).
Forthe remaining falls, hip impact force was determined as the maximum force 
in the vertical direction at hip impact, normalized for body weight. The vertical 
velocity of the hip at impact and the total fall duration were calculated as control 
variables. Velocity was computed by numerical differentiation and subsequently 
low-pass filtered with a fourth-order Butterworth filter with a cut-off frequency of 
10 Hz. Hip impact velocity was defined as the vertical velocity of the virtual 
GT marker just before impact (Groen et al., 2007). Fall duration was defined as the 
time between fall initiation, as detected by the load switch, and initial impact.
To determine the inter-rater reliability of the scores of the two MA experts, a
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Pearson correlation coefficient was calculated. For the analysis of fall performance, 
the scores of the two MA experts were averaged. Paired-sample f-tests were used 
to determine differences between pre-intervention en post-intervention assessments. 
A Pearson correlation coefficient was calculated to determine the association 
between the pre-intervention fear of falling and the change in fear of falling post­
intervention. For all tests, the level of significance was set at p < 0.05.
Results
According to the experts, fall performance improved significantly after training, 
as reflected in a mean increase of 1.6 (95% confidence interval 1.0-2.1) on a 
ten-point scale (p < 0.001). Pre-intervention, seven participants showed a fair to 
good fall performance (scores 6 to 10). This number increased to 16 participants 
post-intervention. The inter-rater Pearson correlation coefficient was r = 0.69 
(p < 0.001). In the analysis of hip impact forces, a total of 84 pre-intervention 
trials and 83 post-intervention trials for 22 participants could be included. 
Mean hip impact force was 2.46 ± 0.26 BW during the pre-intervention falls; 
it decreased significantly by 0.20 BW (95% confidence interval 0.04-0.35 BW) 
after training (p = 0.016). Hip impact velocity and fall duration did not differ 
significantly between pre-intervention and post-intervention falls (Table 6.2).
Table 6.2 Fall characteristics pre-intervention and post-intervention. Mean (SD) 
of the hip impact force (normalized for body weight), hip impact velocity and fall 
duration of the participants (n =  22).
Hip impact force (BW) Hip impact velocity (m/s) Fall duration (ms)
Pre-intervention 2.46 (0.26) 1.22 (0.26) 246 (92)
Post-intervention 2.26 (0.35) 1.26 (0.19) 235 (72)
P-value 0.016 * 0.529 0.561
* = Significant difference (p < 0.05)
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Fear of falling in daily life was determined with a VAS score. The mean pre­
intervention VAS score was 3.19 ± 1.99 on a ten-point scale; it decreased 
significantly by 0.88 (95% confidence interval 0.29-1.48; p = 0.005). Figure 6.2 
shows the difference in VAS scores between the pre-intervention and post­
intervention assessment as a function of the pre-intervention VAS scores. 
In general, the VAS score for fear of falling decreased most in participants with 
higher scores before the start of the training (p < 0.001, r2 = 0.42).
Table 6.3 shows the results of the self-efficacy questions. Twenty-one 
participants were partly or fully confident of being able to apply the MA fall 
techniques in the training situation. Moreover, 15 participants were also confident 
of being able to apply these techniques during an unexpected fall in daily life.
Figure 6.2 Scatter plot of the change in fear of falling as a function of the fear of 
falling before training. Fear of falling was determined with a Visual Analogue Scale 
(VAS) scale. Negative differences in VAS scores indicate a reduction in fear of falling.
VAS score pre-intervention
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Table 6.3 Self-efficacy. Participants’ answers (N =  25) to the questions whether 
they were confident of their ability to apply the martial arts fall techniques in a training 
situation and during an unexpected fall in daily life.
Fully agree Agree Neutral Disagree Fully disagree
During training 9 12 4 -
Unexpected fall 2 13 9 1
Discussion
In this pilot study the trainability and the effectiveness of fall techniques in older 
individuals were investigated for the first time. The results confirm earlier subjective 
observations (Weerdesteyn et al., 2006) that healthy, older individuals could learn 
the basics of MA fall techniques within five weekly training sessions. The results 
showed an increase of 1.6 points on a ten-point scale of fall performance as 
determined by the MA experts, which was considered a moderate effect. Given 
the short duration of the fall training of only five sessions, such an effect seems to 
be realistic to expect. A further improvement of fall performance could be 
anticipated with additional training sessions, because few participants achieved 
a near-optimal fall performance after the MA fall training. Participants indeed 
asked for more training sessions to further improve their fall performance. 
However, a moderate effect in fall performance after only five sessions shows that 
MA fall techniques are trainable in older individuals.
Consistent with the hypothesis, the improvement of fall performance after 
training resulted in a decrease in hip impact force. Although this decrease in hip 
impact force may not seem particularly large (0.20 BW which corresponds with 
8%), it should be noted that the comparison was made after the subjects 
underwent “minimum learning” (they had seen the technique demonstrated twice 
and they had limited practice before data collection pre-intervention).
Not surprisingly, the observed reduction in hip impact force during an MA fall 
after the training was less than the difference in hip impact force between MA falls 
and natural falls as observed in previous studies (reduction of 0.32-1.56 BW
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or 12-27%) (Groen et al., 2007; Weerdesteyn et al., 2008; Sabick et al., 1999). 
For comparison with these previous studies, it would have been desirable to 
compare the final trained performance with “natural” falls, but this was not feasible 
because of safety considerations. It is known that the natural fall arrest strategy, 
in which the outstretched arm is used to block the fall, could result in wrist 
fractures, particularly in older individuals. In addition, the (young) participants of 
our previous studies (Groen et al., 2007; Weerdesteyn et al., 2008) reported the 
hand impact to be uncomfortable when performing the natural arrest strategy. 
In contrast, arm impact during an MA fall technique was not reported to be 
uncomfortable, and it is believed not to be harmful because the impact is 
distributed over a larger contact area due to the simultaneous impact of hand and 
forearm (Sabick et al., 1999).
It should be noted that the reduction of hip impact force could not be explained 
by a reduction in hip impact velocity, which is one of the important determinants 
of hip impact force (Groen et al., 2008). This suggests that other features such as 
rolling on after hip impact may indeed play an important role in the reduction of 
hip impact force (Groen et al., 2007; Groen et al., 2008).
The potential relevance of the MA fall training for hip fracture prevention could 
be estimated by comparing the observed hip impact reduction of 8% to the 
increase in bone mineral density due to the prescription of bisphosphonates 
using the hip fracture risk factor. The hip fracture risk factor is defined by the ratio 
of force at impact divided by the load necessary to cause a fracture (DeGoede et 
al., 2003; Lo and Ashton-Miller, 2008). Based on an average load of 3100 N 
needed to fracture the femur of elderly woman, an average trochanteric bone 
mineral density of 0.61 g/cm2 (Cheng et al., 1997) and the reported relation 
between bone mineral density and hip fracture load (Courtney et al., 1994), it can 
be calculated that for the same decrease of hip fracture risk, an 8% decrease in 
impact force corresponds to 4.1% increase in bone mineral density. Clinical 
studies have shown that bisphosphonates increase trochanteric bone mineral 
density by approximately 2% to 5.5%, depending upon the agent and dose (Orwoll 
et al., 2000; Harris et al., 1999; McClung et al., 2001; Chesnut III et al., 2004) in 
conjunction with a reduction in hip fracture risk in older women with confirmed 
osteoporosis (McClung et al., 2001). Hence, this calculation suggests that MA fall 
training might have similar effects for hip fracture prevention as the prescription of 
bisphosphonates, which is encouraging for future research.
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Fear of falling was significantly reduced after the MA fall training. Since a 
considerable number of participants (10 of 25) experienced little fear of falling 
(VAS < 3) before training, a floor effect in this group of participants might result in 
an underestimation of the effects of the fall training on fear of falling. In general, 
fear of falling decreased more in participants with a higher initial fear of falling. 
Since fear of falling has been shown to be an independent predictor of falling 
(Friedman et al., 2002), the reduction in fear of falling might have an additional 
effect on hip fracture prevention.
A limitation of the present study is the absence of a control group. Therefore, 
we cannot rule out the possibility that the observed effects are (partly) due to the 
exposure during the pre-intervention assessment. However, we think that this is 
unlikely since the MA techniques involve coordinated whole body movements. 
Usually, such a movement is not performed perfectly after a short demonstration 
without further explanation and a couple of practice opportunities without 
feedback on the performance. This is supported by the far from optimal 
performance scores prior to the training and the clear progress in performance 
observed by the trainers over the course of the five training sessions.
A second limitation is that the subjects groups were not gender balanced. 
With only 6 of the 25 subjects being male, we cannot be certain that the results 
are representative for the general population of older males.
Another limitation of the present study is that the falls investigated differ in 
some aspect from most falls in daily life. For safety reasons, falls were initiated 
from kneeling position while most fall-related hip fractures occur from standing 
position. It may be argued that the impact forces increase in falls from standing 
position because of the added potential energy. Although this is true, it should be 
noted that the expected increase may be less because of other concomitant 
movements (such as squatting) (Robinovitch et al., 2004). As the mechanisms 
responsible for impact reduction in MA fall techniques are comparable for falls 
from both kneeling and standing position (Groen et al., 2008), it is conceivable 
that MA fall techniques will also reduce the impact force during falls from standing 
height.
In addition, falls in the experimental set-up were self-initiated while falls in 
daily life are generally unexpected. Although self-initiation is likely to reduce the 
absolute impact values (Robinovitch et al., 2004), self-initiated falls are safer and 
can be used to determine the trainability and effectiveness of fall training. In the
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present study, 15 out of the 25 participants indicated that they were confident of 
being able to apply the MA fall techniques in unexpected falls in daily life. To be 
able to consciously apply a fall technique during an unexpected fall, there should 
be enough time to choose and execute the technique. Previous studies showed 
that young adults could successfully implement specific fall techniques after 
initiation of a volitional fall from kneeling position (van Swigchem R. et al., 2009) 
or an unexpected fall from standing height (Feldman and Robinovitch, 2004). 
Additional research is needed to determine whether (older) individuals will be 
able to apply MA fall techniques during unexpected falls in daily life and whether 
this results in less hip fractures.
In conclusion, the present pilot study suggests that MA fall techniques may 
be trainable in older individuals, which may reduce hip impact forces in volitional 
falls from kneeling position. This indicates the potential usefulness of MA fall 
training for hip fracture prevention in older individuals. In addition, MA fall training 
could reduce the fear of falling in daily life, which might result in the prevention of 
falls and related injuries.
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Safety of MA fall training for osteoporosis
Introduction
Hip fractures among the elderly are a health problem associated with high 
mortality and morbidity rates. In particular persons with osteoporosis or low bone 
mineral density (BMD) are at risk for hip fractures due to their reduced bone 
strength (Greenspan et al., 1994; Wei et al., 2001). Therefore, in clinical practice 
hip fracture prevention focuses mainly on treating osteoporosis.
About 90% of hip fractures are caused by falls (Cumming and Klineberg, 1994). 
Apart from a low BMD, fall characteristics have been identified as independent risk 
factors for hip fractures (Greenspan et al., 1994; Wei et al., 2001). Hence, fall 
prevention and reduction of fall severity may also prevent hip fractures. Falls with 
the highest risk for hip fractures are sideways falls and falls with direct impact on 
the greater trochanter of the proximal femur (Wei et al., 2001). To reduce the hip 
fracture risk in these types of falls, hip protectors may be useful. In vitro experiments 
have shown that the best hip protectors can attenuate femoral impact forces by as 
much as 85% (Kannus et al., 1999; Robinovitch et al., 1995a). However, to prevent 
hip fractures in everyday life, user compliance is a problem (Parker et al., 2006).
Alternatively, people may be taught safe fall arrest strategies. Recent studies 
have indicated that fall strategies based on martial arts (MA) fall techniques 
reduce the impact forces during a volitional fall. When using an MA fall technique, 
the fall is changed into a rolling movement. During the roll the forces are distributed 
over a larger impact site. Furthermore, the amount of energy to be absorbed 
during impact is reduced because kinetic energy is preserved during the rolling 
movement. Experimental studies have shown that MA techniques during a 
volitional fall reduce hip impact forces, which presumably reduces the hip fracture 
risk as well (Groen et al., 2007; Weerdesteyn et al., 2008; Sabick et al., 1999). 
Recently, MA fall training that consisted of five weekly training sessions of 45 min 
was included in a successful falls prevention programme for healthy, elderly 
persons (Weerdesteyn et al., 2006). A further experimental study revealed that 
older participants were able to learn the MA techniques during the five weekly 
training sessions; the improved performance reduced the hip impact force during 
a volitional fall (Groen et al., 2010). For safety reasons, persons with osteoporosis 
have been excluded from these fall training studies. However, persons with 
osteoporosis are expected to experience the most benefits from such training 
because of their high fracture risk if they fall.
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Safety of MA fall training for osteoporosis
The purpose of the present study was to determine whether MA fall training is 
safe for persons with osteoporosis. For obvious safety reasons, this could not be 
directly assessed using persons with osteoporosis. Therefore, we measured the 
hip impact forces during the MA fall exercises from a kneeling and a standing 
position onto both a judo mat and a thick mattress in a group of young adults. 
We focused on sideways and forward falls, as these falls have the highest risk 
for direct hip impact and hip fractures. To determine whether the impact forces 
are within the safety limits for persons with osteoporosis, two safety criteria 
were defined based on the femoral fracture load in elderly women (Cheng et al.,
1997). It was hypothesized that for persons with osteoporosis practicing falls from 
a kneeling position are only safe if performed on a thick mattress while falls 
from a standing position are never safe.
Methods
Participants
Healthy, young individuals without prior experience in MA fall techniques 
participated in this study. Six participants (age: 23-44 years, weight: 57-85 kg, 
height: 1.74-1.86 m) performed the MA fall training on a judo mat and six 
participants (age: 23-44 years, weight: 55-73 kg, height: 1.71-1.86 m) performed 
the training on a thick mattress. All participants signed informed consent prior to 
participation. The Ethical Board for the region Arnhem-Nijmegen approved the 
protocol (2004/152).
Fall training
Each participant received individual fall training for approximately two hours. 
The fall exercises that were performed were the sideways and forward fall 
techniques as included in the Nijmegen Falls Prevention Program (Weerdesteyn 
et al., 2006). The three most important characteristics of MA techniques are the 
rolling movement, head protection by neck flexion and the use of the arm to stop 
the rolling movement. In forward falls, trunkflexion and rotation enable participants 
to roll over the scapula of the ipsilateral shoulder and diagonally across the back 
to the contralateral hip region (Figure 7.1a). In sideways falls, participants roll over 
the ipsilateral hip to the scapula of the ipsilateral shoulder; this is achieved by
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flexion, lateral flexion and rotation of the trunk (Figure 7.1b). Both sideways and 
forward fall exercises started in a sitting position; these were not measured since 
they were assumed to have no hip fracture risk. Thereafter, falls from kneeling and 
standing positions followed. The fall exercises were performed either on the judo 
mat (4 cm thick polyurethane foam, size 1.2 m x 1.2 m) or on the 25 cm thick 
gymnasium mattress (size 2.5 m x 1.25 m). Each fall condition was performed for 
at least 8 trials.
Data collection
During the trials, force data were collected by a force plate (1.2 m x 1.2 m, Bertec® 
Corporation, Columbus, Ohio, USA) at a sample rate of 2400 Hz, which was 
embedded in a 2.2 m x 2.7 m platform and covered with judo mats or the thick 
mattress. It must be emphasized that the judo mat or mattress was not supported 
by any other surface than the force plate. Hence, all (vertical) forces that are 
applied to the mat are measured by the force plate. Similar set-ups are used by 
other groups, for instance, for mechanical testing of the force-attenuating effects 
of low stiffness floors on peak impact forces on the skin surface of the greater 
trochanter of the femur and the femoral neck (Laing and Robinovitch, 2009). 
A 6-camera 3-D motion analysis system (Primas, Delft University of Technology, 
Delft, The Netherlands) was used to collect the 3-D positions of reflective markers 
at 100 Hz. The markers were attached bilaterally to the wrist, elbow, acromion and 
the pelvis. Kinematic and force data were collected synchronously.
Data analyses
For all falls from kneeling and standing positions, hip impact forces were 
determined. Hip impact force was, in general, the first distinct peak in the force 
curve after fall initiation. Kinematic data were used to confirm whether indeed this 
peak corresponded to hip impact using the vertical position of the markers. 
For each fall condition, the maximum vertical hip impact force was determined for 
each participant (Fmax). For each fall exercise, the highest Fmax observed during 
all the trials of all participants was used to assess the safety of the fall training.
Safety criteria
Two safety criteria were constructed to determine which fall exercises and 
conditions were considered to be safe for persons with osteoporosis. Both safety
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criteria were based on the femoral fracture load of elderly women. Following 
Kannus and coworkers (Kannus et al., 1999), we used the mean femoral fracture 
load of 3100 N ± 1200 N as determined for cadaveric femora of a group of elderly 
women by Cheng and coworkers (Cheng et al., 1997).
The first safety criterion implied that the femoral load during a fall exercise 
should not exceed the average fracture load for elderly women minus 2 SD 
(700 N: 3100 N - 2 * 1200 N). In other words, the threshold was set at a value that 
should be safe for 97.7% of the elderly women. Because the femoral load is not 
equal to the external hip impact force as measured with the force plate, we took 
two mediating factors into account. Firstly, we included the expected protective 
effects of soft tissue around the hip. The mean attenuation of the peak impact 
force caused by soft tissue is 13% in elderly men and women (Robinovitch et al., 
1995b). Because persons with osteoporosis often have relatively little adipose 
tissue, we used a 10% reduction of Fmax by soft tissue padding. Secondly, we 
decided that persons with osteoporosis have to wear hip protectors during the 
MA fall training. If participants wear hip protectors, the actual impact forces 
exerted on the femur will be substantially reduced. It has been shown that the 
best hip protectors reduce impact forces by between 65% and 85% (Robinovitch 
et al., 1995a; Kannus et al., 1999). According to the first safety criterion a fall was 
safe if the highest Fmax measured reduced by 10% for soft tissue padding and by 
65% for the use of hip protectors, was lower than the threshold of 700 N (highest 
Fmax* 0.9 * 0.35 < 700 N).
For the second safety criterion we took into account that hip protectors are 
not always placed correctly with respect to the greater trochanter to optimally 
attenuate the impact forces (Minns et al., 2007; van Schoor et al., 2003). In this 
second safety criterion we therefore left out the factor of force attenuation by hip 
protectors; the threshold was set at the average femoral fracture load for elderly 
minus one standard deviation (1900 N: 3100 N - 1200 N). Hence, the threshold 
was set at a value that should be safe for 84.1% of the elderly women if they did 
not wear hip protectors. According to the second safety criterion, a fall was safe 
if the highest Fmax measured, reduced by 10% for soft tissue padding, did not 
exceed the threshold of 1900 N (highest Fmax * 0.9 < 1900 N).
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Results
In general, the highest Fmax observed during the forward MA falls was higher 
than that found during the sideways falls under similar floor and fall height 
conditions (Table 7.1). Figure 7.2 shows the highest Fmax of all participants In the 
MA In sideways and forward falls from kneeling position on the judo mat and the 
thick mattress and from standing position on the thick mattress In relation to the 
thresholds of the two safety criteria.
For the sideways falls, the Fmax corrected for both soft tissue padding and 
hip protectors was lower than 700 N In all fall conditions. Hence, all the sideways 
falls met the first safety criterion (corrected Fmax was lower than 700 N). 
The Fmax If only corrected for soft tissue padding exceeded 1900 N In some of 
the participants during falls from kneeling position on the judo mat. Hence, the 
sideways falls from kneeling position on the judo mat did not meet the second 
safety criterion (range Fmax 1260-2219 N). If performed on the mattress, however, 
the sideways falls from kneeling position as well as from standing position met 
the second safety criterion (range Fmax 878-1426 Nand1216-2012N, respectively) 
(Table 7.1, Figure 7.2).
Table 7.1 Descriptive statistics of the 
different fall conditions.
maximum hip impact force (Fmax) for the
Fall exercise 
Fall direction Fall height Fall surface
Fmax (N) 
Median IQR Max
Sideways Knee Judo mat 1769 407 2219
Knee Mattress 1330 131 1426
Stand Mattress 1551 439 2012
Forward Knee Judo mat 1745 624 2474
Knee Mattress 1453 669 2006
Stand Mattress 1833 419 3132
IQR= interquartile range, Max= highest Fmax.
112
Safety of MA fall training for osteoporosis
Figure 7.2 Maximal hip impact forces for sideways and forward MA fall exercises. 
The maximal hip impact force among all participants (highest Fmax) was corrected 
either for soft tissue padding (ST, 10% reduction) and wearing hip protectors (HP) 
that could attenuate the maximum hip impact force by at least 65% (safety criterion 1) 
or soft tissue padding only (10% reduction) (safety criterion 2). The corrected highest 
Fmax values were compared with thresholds of safety criterion 1 (700 N: average 
femoral fracture load for elderly minus two standard deviations) and safety criterion 2 
(1900 N: average femoral fracture load for elderly minus one standard deviation), 
respectively. Asterisks (*) indicate fall conditions that met both safety criteria.
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For the forward falls, the falls from kneeling position did neither meet the first 
nor the second safety criterion If performed on the judo mat (range Fmax 
1173-2474 N). However, If forward falls from kneeling position were performed on 
the mattress, Fmax met both safety criteria (range Fmax 1028-2006 N). Forward 
falls from standing position even when performed on the mattress did neither 
meet the first nor the second safety criterion (range Fmax 1389-3132 N) 
(Table 7.1, Figure 7.2).
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Discussion
This study determined whether MA fall training could be considered to be safe for 
persons with osteoporosis as extrapolated from the data of young adults and 
using stringent safety criteria. The results showed that sideways falls from kneeling 
and standing position met the safety criteria if performed on a thick mattress. 
Forward falls only met the safety criteria if performed from kneeling position on 
the thick mattress. Hence, in order for the MA fall training to be safe for persons 
with osteoporosis, the fall training should be performed on a thick mattress and 
forward falls from a standing position should be excluded. In addition, participants 
should wear hip protectors that attenuate the maximum hip impact force by at 
least 65%. Specific data on the femoral fracture load of osteoporotic women have 
not been reported in the literature. Therefore, we based the safety criteria on the 
mean proximal femoral fracture load of elderly women (n = 28) with a mean age 
of 71 years (3100 ± 1200 N) (Cheng et al., 1997). It is very likely that at least some 
of these women had osteoporosis. Because of the strong correlation between 
fracture load and femoral neck BMD (Cheng et al., 1997; Courtney et al., 1995), 
the osteoporotic women were probably those with the lowest fracture loads. 
Fracture load is hard to estimate since it also depends on the loading rate 
(Courtney et al., 1994) and direction of impact (Pinilla et al., 1996). Therefore, we 
proposed a conservative first safety threshold of two standard deviations below 
the mean fracture load of elderly women, 700 N, which was lower than any 
individual femoral fracture load found in cadaveric studies (Cheng et al., 1997; 
Courtney et al., 1995; Courtney et al., 1994; Pinilla et al., 1996; Lotz and Hayes, 
1990). For extra safety, we set a rather low threshold in the second safety criterion. 
In addition, the decision to include fall exercises was based on the highest Fmax 
observed among all participants. Hence, we think that our safety criteria are 
stringent enough to guarantee the safety of the included fall exercises for persons 
with mild to moderate osteoporosis.
In the present study, the safety of the MA fall training was determined only 
with respect to the risk for hip fractures. Falls may also result in other injuries, 
such as bruises, or head, arm and wrist injuries. The most important characteristics 
of the MA fall techniques are the rolling movement and head protection. To change 
the fall into a rolling movement, one should curve the trunk and neck. The trunk 
and neck flexion also prevent the head from impacting the ground. The risk of
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head impact is further reduced by slapping the arm to stop the rolling movement, 
which is another characteristic of the MA fall techniques. This arm slap is not 
believed to be harmful because the impact is distributed over a larger contact 
area due to the simultaneous impact of hand and forearm (Sabick et al., 1999; 
Groen et al., 2010). In previous studies with older, healthy individuals, it was 
indeed not reported to be uncomfortable (Groen et al., 2010; Weerdesteyn et al., 
2006).
The safety of such MA fall training for persons with osteoporosis was recently 
confirmed by Smulders and coworkers (Smulders et al., 2008). Based on the 
results of the present study, the MA fall training of the original Nijmegen Falls 
Prevention Program (Weerdesteyn et al., 2006) was modified. Thus far, 31 persons 
with osteoporosis (lowest T-score for proximal femur and lumbar vertebrae was 
between -4 and -2.5) participated and no injuries or adverse physical effects were 
reported during or after the training (Smulders et al., 2008).
In experimental studies, MA fall techniques have been demonstrated to 
effectively reduce hip impact forces and, therefore, have the potential to reduce 
the hip fracture risk. MA fall techniques reduced the hip impact forces during a 
volitional fall by 12-27% when performed by experienced martial artists (Groen et 
al., 2007; Sabick et al., 1999) and by 17% in young adults without previous 
experience in MA fall techniques after a 30-min training session (Weerdesteyn et 
al., 2008). In addition, it was demonstrated that MA fall techniques were trainable 
in older individuals. After a five-session MA fall training, the fall performance 
improved and the hip impact force during a volitional fall was reduced by 8%. 
It was suggested that the MA fall training may have similar effects for hip fracture 
prevention as the prescription of bisphosphonates (Groen et al., 2010). The 
effectiveness of MA fall techniques in reducing the hip impact forces are in line 
with the results of the biomechanical modelling study of Lo and coworkers (2008). 
That study revealed that a combination of knee flexion, waist flexion and trunk 
rotation is the most effective movement strategy to reduce the impact forces 
during a sideways fall (reduction of 56% compared to a ‘broomstick’ strategy). 
In addition, they found that this movement strategy was effective in reducing 
impact forces below the fracture load even when the effect of aging on muscle 
forces (reduction of 30% in muscle force) was simulated (Lo and Ashton-Miller, 
2008). Since the combination of knee flexion, waist flexion and trunk rotation is 
characteristic of MA fall techniques to enable rolling after impact, the study of Lo
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and coworkers (2008) confirmsthe potential beneficial effects of MAfall techniques 
for hip fracture prevention.
The effects of MA fall techniques on hip fracture risk in daily life, however, 
should be further investigated. A prerequisite for MA fall techniques to potentially 
contribute to hip fracture prevention in daily life, is the trainability of these 
techniques in the persons with osteoporosis. The results of a previous study on 
MA fall training in healthy, elderly persons showed that they were indeed able to 
learn and apply these MA techniques during a volitional sideways fall from 
kneeling height. In addition, 15 of the 25 participants reported that they were also 
confident of being able to apply the MA fall techniques during an unexpected fall 
in daily life (Groen et al., 2010).
There is no conclusive evidence, however, for the applicability of the fall techniques 
in daily life, yet some indirect evidence is available. Although it is often suggested 
that a fall may happen too quickly to be able to select and execute a learned fall 
technique, the duration of a fall from standing height has been reported to be 
715 ± 160 ms (Hsiao and Robinovitch, 1998). Given a voluntary reaction time of 
180 ms for initiation a fall technique (van Swigchem R. et al., 2009), there is some 
time to subsequently execute the fall technique before impact. The minimum 
movement time to execute the MA fall technique adequately was only 145-155 ms 
in young adults (van Swigchem R. et al., 2009). Although previous studies reported 
increased reaction times of 31-80 ms (Robinovitch et al., 2005; Chen et al., 1994; 
Tirosh and Sparrow, 2005) and increased movement times for voluntary 
movements in the elderly (Robinovitch et al., 2005), this probably still leaves 
sufficient time to select and execute a fall technique.
A limitation of the present study was that young adults participated instead of 
older persons to determine whether MA fall exercises could be safe for persons 
with osteoporosis. In general, the performance of fall exercises by older adults is 
expected to be less fluent than the performance by younger adults caused by a 
slower reaction time and poorer ability to coordinate muscle actions. This may 
result in higher hip impact forces. On the other hand, older adults are expected to 
have more fear of falling and are more cautious in their performance of the fall 
exercises, which presumably results in lower impact velocities and, consequently, 
lower hip impact forces.
Another limitation was the small sample size in the present study. It may not 
represent the normal variability in the normal population. Because it is likely that
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heavier and/or taller persons experience higher hip impact forces during a fall, it 
could affect the decision whether the fall exercises of the MA fall training is safe 
or not in the present study. On the other hand, older age and a low body mass 
(rather than a high body mass) are the most important risk and screening factors 
for osteoporosis (Waugh et al., 2009; Dargent-Molina et al., 2006) and are used 
to predict bone mineral density (T-score) (Wildner et al., 2003). It indicates that 
heavier persons have stronger bones. In addition, it is expected that heavier 
persons have a thicker soft tissue layer overlying the greater trochanter of the 
femur that can absorb energy during hip impact. Increased soft-tissue thickness 
is strongly correlated with decreased peak femoral impact force (Robinovitch et 
al., 1995b). We, therefore, believe that the fall exercises that we identified as safe 
in the present study are also safe for heavier persons who may experience higher 
hip impact forces, but also have more soft tissue padding and stronger bones 
than the bone strength as used in the safety criteria.
Conclusions
Based on the data of young adults and stringent safety criteria, the MA fall training 
was expected to be safe for persons with osteoporosis if they wear hip protectors 
that could attenuate the maximum hip impact force by at least 65% during the 
training, perform fall exercises on a thick mattress, and avoid forward fall exercises 
from a standing position. Since MAtechniques reduce hip impact forces and can 
be learned by older persons, MA fall training may prevent hip fractures among 
persons with osteoporosis.
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General discussion
The main purpose of this thesis was to explore the potential usefulness of MA fall 
training for hip fracture prevention in the elderly. To address this, we defined four 
aims. The first aim was to study the effect of MA fall techniques on fall severity and 
to detect experience-related differences. The second aim was to gain knowledge 
about the working mechanisms by which MA fall techniques reduce the impact on 
the hip during a sideways fall. The third aim was to determine the trainability of MA 
fall techniques in young adults and older individuals. The fourth aim was to 
investigate the safety of the MA fall training for persons with osteoporosis.
This general discussion starts with an overview and discussion of the main 
results presented in this thesis. In addition, the experimental limitations of the 
studies included in this thesis are described and recommendations for further 
research are given.
Effect of MA fall techniques on fall severity
A reduction in the fall severity by the MA fall techniques is a prerequisite for these 
techniques to be useful in hip fracture prevention in the elderly. Therefore, the first 
step was to determine the effect of the MA fall techniques on the impact force. 
Epidemiological studies have shown that falls with the highest risk for hip fracture 
are sideways falls and falls with direct impact on the greater trochanter of the 
proximal femur (Nevitt and Cummings, 1993; Wei et al., 2001). Therefore, we 
focused on the effect of the MA fall techniques during sideways falls with direct 
impact on the greater trochanter. Since it is unknown how much training is needed 
to master MA fall techniques, we determined the effect of MA fall techniques on 
the impact force for different levels of experience.
To determine whether MA fall techniques could be effective in reducing fall 
severity, the participants of the first fall experiment were highly experienced 
judokas (experience: 13.0 ± 6.8 years)(Chapter 2). During volitional sideways falls 
from kneeling position, the MA fall techniques with use of the arm reduced the hip 
impact force by 27% as compared with a natural fall arrest strategy in which the 
outstretched arm is used to block the fall (Block strategy). Even in young adults 
without prior MA fall experience we found that it was possible to reduce the hip 
impact force during a sideways fall from kneeling position using MA fall techniques 
after only a brief training (Chapter 4). Not surprisingly, the reduction in hip impact 
force by the MA fall techniques in these young adults was smaller than in the 
experienced judokas (17% and 27%, respectively). In comparison, using a similar
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experimental set-up, Sabick et al. (1999) found a hip impact force reduction of 
12% compared with the broomstick strategy if performed by experienced members 
of aikido clubs (experience: 5.2 ± 6.7 years). This reduction was even smaller 
than in our inexperienced group, therefore, the differences between the study by 
Sabick et al. (1999) and our studies are likely due to differences in the reference 
strategies (Broomstick versus Block strategy).
Working mechanisms of MA fall techniques
Given the observation that MA fall techniques did indeed reduce the hip impact 
force during a volitional sideways fall from a kneeling height, the next question 
was which mechanisms contributed to this reduction.
Since the arm is used to break the fall using an MA fall technique, it may be 
hypothesized that hand impact contributes to the reduction in hip impact force. In 
general, the hand impact occurs after hip impact and prior to shoulder impact 
during sideways MA falls if performed by young adults with experience in MA fall 
techniques (Sabick et al., 1999). Hsiao and Robinovitch (1998) proposed that the 
hand impact could reduce the hip impact force during a fall, if there was a near- 
simultaneous impact (within 50 ms) of the hand and hip, because this would allow 
sharing of impact energy. In a previous study on the effects of MA fall techniques, 
Sabick et al. (1999) suggested that hand impact could indeed play a role in the 
reduction of hip impact force during sideways MA falls. Unfortunately, they did not 
support this suggestion with data concerning, for example, the time interval 
between hand and hip impact. In contrast, we found no differences in hip impact 
force between the sideways MA falls with and without the use of the arm to break 
the fall both in experienced judokas (Chapter 2) and in young adults with a brief 
training in sideways MA fall techniques (Chapter 4). Hence, our results reveal that 
hand impact is not an essential element of the technique to reduce hip impact 
force. However, this does not imply that arm use has no benefits during falling. In 
general, arm movement are important in the process of regaining stability in the 
initial stages of a fall (Pijnappels et al., 2010). Furthermore, in MA falls, we 
hypothesized that hand impact is important to protect the upper body and the 
head. Some preliminary evidence was provided by Sabick et al. (1999) as they 
found that the MA fall technique reduced the shoulder impact force during 
volitional sideways falls and observed that the hand impact generally precedes 
shoulder impact (Sabick et al., 1999).
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Another hypothesis was that MA fall techniques reduce hip impact force by 
reducing the hip impact velocity prior to impact, based on the assumption that 
impact velocity strongly affects impact force. In experimental studies on the effect 
of fall strategies on the fall severity, impact velocity is often used to measure fall 
severity instead of impact force. As mentioned in Chapter 4, the rationale for the 
use of impact velocity to determine fall severity is based on simple impact models. 
In these models, the body is represented as an undamped single-degree-of- 
freedom mass-spring system with a linear spring constant. The impact force is 
determined by the hip impact velocity, the effective mass of that part of the body 
that is moving in the vertical direction prior to impact, and the overall stiffness of the 
soft tissue overlying the hip. The spring constant accounts for soft tissue overlying 
the hip and the stiffness of the body, including the actions of the muscles (van den 
Kroonenberg et al., 1995). In such a model, impact velocity is proportional to impact 
force. In our studies, we found a significant positive linear correlation between the 
hip impact velocity and the hip impact force within each fall technique (Chapter 3). 
The strength of the correlation was lowto fairly good (explained variance of 20-49%). 
The relationship between the hip impact velocity and hip impact force depended 
heavily on the fall technique used. In sideways falls from a kneeling position with 
comparable hip impact velocities, the hip impact forces in Block falls were larger 
than in MA falls. In addition, in sideways falls with comparable hip impact forces, 
hip impact velocities in MA falls from a standing height were larger than in the Block 
falls from a kneeling height. Hence, hip impact velocity may only be useful to make 
an approximate prediction of hip impact force within a fall technique. Furthermore, 
the reduction in hip impact velocity was much lowerthanthe reduction in hip impact 
force using the MA technique as compared to the Block strategy. This was true for 
both the experienced judokas (Chapter 2) and the young adults with a brief MA fall 
training (Chapter 4). Based on these results, we concluded that MA fall techniques 
may reduce hip impact force partly by reducing hip impact velocity, but it is likely 
that other mechanisms also play a role.
One of these mechanisms may be related to the orientation of the trunk. 
As mentioned above, in simple impact models, hip impact force is also affected 
by the effective mass of that part of the body that is moving prior to impact. 
Theoretically, the effective mass is dependent on trunk orientation at impact in 
such way that a less vertical trunk orientation would result in a lower effective 
mass, which would in turn reduce the impact force (van den Kroonenberg et al.,
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1995). In an experimental (Unpublished) study, however, no effect of trunk 
orientation on the effective mass was detected (Hayes et al., 1996). Others 
predicted that a less vertical trunk orientation would Increase the exchange of 
potential energy to kinetic energy during a fall, and consequently It would Increase 
the Impact velocity (Sandler and Roblnovltch, 2001). The Increase In Impact 
velocity would Increase the Impact force and, thereby, counterbalance the 
possible effects of a lower effective mass. Hence, the (theoretical) effects of trunk 
orientation on hip Impact force seem to be unclear. In our experiments, we found 
for the experienced judokas a less vertical trunk orientation In the MA falls as 
compared to the Block falls from a kneeling height. The difference was small In 
the MA falls without the use of the hand, and larger and significant In the MA falls 
with the use of the arm to break the fall (Chapter 2). In the group of young adults 
with a brief MA fall training (Chapter 4), we found a similar pattern of results 
(Unpublished data). On the other hand, the hip Impact forces were significantly 
and equivalently reduced during the MA falls both with and without the use of the 
arm to break the fall. These results Indicate that trunk orientation does not seem 
to play a major role In reducing hip Impact force.
To further examine the effect of trunk orientation during the fall experiments 
some additional analyses were performed. Analyses of the data of a single judoka 
performing a large number of falls, Including a series of MA falls from a standing 
position (Chapter 4), showed a significant positive correlation between the trunk 
orientation and the hip Impact force within the MA falls with the use of the arm 
to break the fall (fl(44) = 0.308; p = 0.037) and Block falls (fl(50) = 0.389; 
p = 0.004) from a kneeling position. However, the strength of the correlation was 
low: the variation In trunk orientation explained only 10-15% of the variance In hip 
Impact force. Furthermore, no significant correlations were found for the MA falls 
without the use of the arm from a kneeling position and the MA falls with the use 
of the arm to break the fall from a standing position (Figure 8.1)(Unpubllshed 
data). Hence, from our data the effect of trunk orientation on the hip Impact force 
does not seem to play an essential role.
A characteristic of MA fall techniques that may play a more Important role In 
reducing the hip Impact force during a sideways MA fall Is the rolling motion after 
Impact. In sideways MA falls, subjects roll over the Ipsllateral hip towards the 
scapula of the Ipsllateral shoulder. This Is achieved by flexion, lateral flexion and 
rotation of the trunk. Rolling after Impact Is a technique not only used during
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Figure 8.1 Hip impact force (normalized for body weight) plotted as a function 
of trunk angle (°) for falls of the single judoka. Each fall is represented by one symbol.
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martial arts but also during other sports in which falls with high impacts are 
common, such as free running and parachute landing. During the roll, the forces 
are distributed over a larger impact site. Furthermore, the amount of kinetic energy 
to be absorbed during impact is reduced because kinetic energy is preserved 
during the roll. Therefore, a smaller amount of kinetic energy has to be transferred 
into strain energy, resulting in lower impact forces. To study the effect of the roll 
on hip impact force, the kinetic energy, both prior to and after impact, should be 
determined as well as the hip impact force. As the amount of kinetic energy is 
determined by the mass and the velocity of the moving segments while the mass 
of the moving segments remains constant, the velocity of the segments should 
give insight into the kinetic energy. The small number of markers used in our 
studies did not allow us to calculate the trunk movement in three dimensions.
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However, we observed a larger shoulder vertical velocity In the MA falls as 
compared to the Block falls after Impact In the experienced judokas (Chapter 2), 
which may be Indicative of Increased kinetic energy of the trunk after Impact.
From a blomechanlcal modelling study, there Is evidence that an arrest 
strategy that Involves knee flexion, waist flexion, and trunk rotation prior to Impact 
Is the most effective way to reduce hip Impact forces as well as the (vertical) hip 
Impact velocities during a sideways fall (Lo and Ashton-M¡1 ler, 2008). Importantly, 
Lo and Asthon-M¡Her (2008) predicted that such an arrest strategy was effective 
In reducing the Impact forces to below the fracture thresholds even when the 
effects of age on muscles forces (reduction of 30% In muscle force) were simulated 
In the model. Since the movement combination of knee flexion, waist flexion and 
axial trunk rotation prior to Impact Is essential during a sideways MA fall to enable 
the roll after Impact, the study by Lo and Asthon-M ¡Her (2008) confirms the effect 
of MA fall techniques on hip Impact force. However, the Instruction by Itself (hip 
and knee flexion In combination with forward or lateral bending of the spinal 
column) did not affect the hip Impact velocity In sideways falls from a standing 
height when compared to falls using the broomstick strategy (Inoue, 2005). 
This may Indicate that other trunk and/or leg movements may be essential, 
although It should be mentioned that hip Impact velocity may not be a valid 
variable to compare the fall severity between different techniques (Chapter 3).
To summarize, MA fall techniques reduce the hip Impact force as compared 
with Block falls, although In both techniques the hip Is the first Impact site. The hip 
Impact force may be partly reduced by the decrease In hip Impact velocity. Based 
on the literature, It may be hypothesized that the reduction In hip Impact velocity 
Is due to movements Involving knee flexion, hip flexion and axial trunk rotation 
prior to Impact. In addition, the roll after Impact during an MA fall may reduce the 
kinetic energy to be absorbed after Impact and thereby, reduce the hip Impact 
force. The hand Impact Is not essential In MA techniques to reduce hip Impact 
force, neither does trunk orientation.
Trainability of the MA fall techniques
Another prerequisite for MA fall techniques to be useful for hip fracture prevention 
Is their trainability. It Is obvious that children and young adults are able to master 
the MA fall techniques during extensive training In judo and aikido clubs, for 
example. However, In order for these techniques to be beneficial for hip fracture
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prevention, it would be necessary that they are easy to learn within a short training 
period in both young and older subjects. In our study with young adults without 
prior MA fall experience, we found that a brief training of only 30-min was sufficient 
to reduce the hip impact force during a sideways fall from a kneeling position 
using the MA fall techniques as compared to the Block fall (Chapter 4). Hence, it 
seems that extensive training is not required in order to benefit from these 
techniques in terms of hip impact force reduction. Importantly, the briefly trained 
young adults were able to initiate and successfully apply the fall technique in falls 
in which an auditory cue was given to use either the Block or MA technique after 
fall initiation (Chapter 4 and 5). Surprisingly, the success rate of these inexperienced 
fallers was not significantly different from that of the highly experienced judokas 
(Chapter 5), supporting the hypothesis that MA fall techniques are easily to learn 
and to apply.
There were, however, experience-related differences in EMG activity during 
the volitional sideways MA falls from a kneeling height. Compared to the 
experienced judokas, more Trapezius muscle (TR) activation was observed in the 
inexperienced fallers, in conjunction with less pronounced Pectoralis muscle (PE) 
activation (Chapter 4). Similar differences in EMG activity were found between the 
inexperienced fallers and experienced judokas in falls in which either the Block or 
MA technique was auditorily cued after fall initiation (Chapter 5). The PE is mainly 
active in trunk rotation (Kumar et al., 2003), whereas it is conceivable that TR is 
more involved in trunk lateral flexion and arm abduction to block the fall with the 
outstretched arm. Therefore, the higher PE activation in the experienced judokas 
may suggest that they had prepared an MA fall.
More crucial, however, is the question whether MA fall techniques are also 
trainable in older individuals. We found that healthy, older individuals overthe age 
of 60 years were able to learn the basics of the MA fall techniques within five 
weekly 45-min training sessions, which resulted in a significant improvement in 
MA fall performance. In addition, the hip impact force decreased by 8% during 
volitional sideways falls from a kneeling position (Chapter 6). According to the MA 
experts scoring the falls, 16 of the 25 participants showed a fair to good 
performance (scores 6 to 10) after the fall training. The self-efficacy questions 
revealed that 21 participants were partly or fully confident of being able to apply 
the MA fall techniques during the training situation (Chapter 6). We think that 
further improvement of the fall performance could be obtained with additional
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training sessions because few participants achieved a near optimal fall 
performance by the end of the training. Participants indeed asked for more 
training sessions for this reason. However, the improvement in performance and 
the reduction in hip impact force showed that MA fall techniques are both trainable 
and effective in healthy, older individuals after only five training sessions.
To determine whether the effect of the MA fall training was retained, we 
evaluated the MA fall performance in the older participants 6-7.5 months after the 
fall training had ended (Unpublished data). The loss to follow up was unexpectedly 
high due to (serious) medical reasons unrelated to the training. Hence, the MA fall 
performance could only be evaluated in a total of 14 older individuals (age: 69.3 
± 5.4 years; weight: 72.9 ± 8.3 kg; height: 1.66 ± 0.09 m). According to the MA 
fall experts the mean pre-training (after a short demonstration) MA fall performance 
on a ten-point scale was 6.4 ± 0.8 and it was 6.5 ± 1.1 at follow-up, indicating the 
improvements had not been retained. The mean hip impact force normalized for 
body weight (BW) was 2.56 ± 0.25 BW during the pre-intervention falls versus 
2.42 ± 0.23 BW during the follow-up (n = 11). The difference was not significant, 
again indicating an absence of retention of the effects of the MA fall training after 
6-7.5 months. However, we should be careful when making inferences on the 
basis of the results of this small group. The study had little power (Power of 0.61) 
due to the small number of subjects, which increases the chance of falls-negative 
results (type II error). Using post-hoc power analysis, we calculated that, based 
on the observed results for hip impact force, a group of 39 persons was needed 
to detect statistically significant differences (Power of 0.8 and a = 0.05). It must 
be noted that this does not answer the important question how many persons 
should be treated to prevent a hip fracture with MA fall training. To answer this 
question, a (large) intervention study should be conducted with hip fractures as 
outcome measure.
Safety of the MA fall training for persons with osteoporosis
It is obvious that the MA fall training should be safe to be useful in hip fracture 
prevention. The MA fall training was introduced as an element in the Nijmegen 
Falls Prevention Program for healthy, elderly persons (Weerdesteyn et al., 2006) 
for whom it was considered to be safe. Indeed, no adverse physical effects were 
reported during or after the training. For safety reasons, persons with osteoporosis 
were excluded from participating in the MA fall training. Hence, the persons who
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could be expected to experience the most benefits from such training are excluded 
because of their high fracture risk If they fall. We, therefore, evaluated the fall 
exercises and found that an MA fall training Is safe for persons with osteoporosis 
If appropriate safety measures are taken. During the training, persons with 
osteoporosis should wear hip protectors that could attenuate the maximum hip 
Impact force by at least 65%. Furthermore, they should perform the sideways and 
forward fall exercises on a thick mattress, and should avoid forward fall exercises 
from a standing position (Chapter 7).
The study on the safety of the MA fall training for persons with osteoporosis 
focused only on the risk of hip fractures. However, falls In dally life also have risks 
for other Injuries, such as bruises, or head, arm and wrist Injuries. It remains to be 
determined whether MA techniques are useful In preventing these Injuries as well. 
In addition, the working mechanisms should be Investigated.
The safety of such MA fall training for persons with osteoporosis was recently 
confirmed by Smulders and coworkers (Smulders et al., 2008). Based on the 
results of Chapter 7, the MA fall training used In the original Nijmegen Falls 
Prevention Program (Weerdesteyn et al., 2006) was modified. Thus far, 31 persons 
with osteoporosis (lowest T-score for proximal femur and lumbar vertebrae was 
between -4 and -2.5) have participated and no Injuries or adverse physical effects 
have been reported during or after the training (Smulders et al., 2008).
Experimental limitations and recommendations
A limitation of this thesis Is that It Is mainly focused on sideways falls. The reason 
for this Is that sideways falls have the highest risk for hip fractures (Nevltt and 
Cummings, 1993; Wei et al., 2001), amongst the most serious fall-related Injuries 
among the elderly. Hip fractures are associated with high mortality and morbidity 
rates. Although hip fractures also occur In forward and backward falls, these falls 
are generally associated with a higher risk for wrist fractures. The arms are often 
Instinctively used to prevent or reduce hip and head Impact, at the expense of 
risking wrist fractures (Nevltt and Cummings, 1993). Studies on forward falls have 
mainly been focused on landing strategies onto both hands and the effect on the 
risk for wrist fractures. An overview of the blomechanlcal factors associated with 
upper extremity Injuries In forward falls has been given by De Goede et al. (2003). 
It has been demonstrated that fall arrest strategies that Include elbow flexion and 
low wrist velocity at Impact reduce the wrist Impact force during a forward fall
129
Chapter 8
(DeGoede and Ashton-M¡1 ler, 2002; DeGoede and Ashton-Miller, 2003). Recent 
computer simulations have predicted an additional important role for hip flexion 
prior to impact (Lo and Ashton-Miller, 2008). An experimental study showed that 
young, healthy males were indeed able to learn to reduce the wrist impact force 
by instructions such as to flex the elbow and to reduce the wrist impact velocity 
after a short (10 min) training. Unfortunately after three weeks, the retention was 
poor, suggesting that the instruction had only a short-term effect (Lo et al., 2003). 
In addition, it has been predicted that typical age related reduction in arm muscle 
strength can substantially reduce the ability of older women to use their arms to 
safely arrest a forward fall with this strategy (DeGoede and Ashton-Miller, 2003). 
Increased reaction time and excessive pre-impact reflexive activation of the arms 
in older individuals may further decrease the effectiveness of the fall technique, 
particularly in falls with a short available response time (Kim and Ashton-Miller, 
2003; Robinovitch et al., 2005). MA fall techniques may be an alternative. Based 
on our observations, healthy, older participants (Weerdesteyn et al., 2006) and 
persons with osteoporosis (Smulders et al., 2010) are able to safely learn MA fall 
techniques during a forward fall. Although the effect of these techniques during a 
forward fall should be further investigated, we expect that the roll mechanism may 
also play a role in reducing wrist fracture risk during forward falls.
Backward falls are less common than forward falls (O’Neill et al., 1994; Nevitt 
and Cummings, 1993) but have the highest risk for wrist fractures (Nevitt and 
Cummings, 1993), which may be explained by the larger wrist impact velocities 
that occur during a backward fall (Tan et al., 2006). Fall experiments with backward 
falls have focused on the squat response during descent. By squatting during a 
backward fall from a standing height, subjects were able to reduce the impact 
velocity of both the hip (Robinovitch et al., 2004) and the wrist (Tan et al., 2006). 
The age-related decline in lower extremity strengths (Sandler and Robinovitch, 
2001) and the increased reaction times (Robinovitch et al., 2005) are predicted to 
reduce the effectiveness of the squat response. In MA falls, the roll mechanism is 
expected to reduce hip impact force. In addition, the risk for wrist fractures is also 
expected to be reduced, as arm impact during an MA fall is distributed over a 
larger impact area and occurs after hip impact. Further research is needed to 
determine the effect of MA fall techniques in both forward and backward falls.
A second limitation of this thesis is that the effect of MA techniques on fall 
severity has primary been defined by the maximum external vertical hip impact
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force. There are, however, several other variables that may differ between fall 
techniques and may affect fall severity, such as the point of application and the 
direction of the external Impact force. The potential effect of differences In the 
point of application and the direction of the external Impact force on the force 
applied to the femoral bone Is linked to soft tissue thickness. If the soft tissue 
thickness Increases, the peak force decreases and the tissue energy absorption 
Increases (Roblnovltch et al., 1995b). Furthermore, soft tissues overlying the 
anterior and posterior aspects of the hips are thicker than the soft tissue overlying 
the lateral aspect. Consequently, the attenuation of the peak Impact forces by 
soft tissues may depend on the point of application and the direction of the 
external Impact force. The direction of the force will also affect the fall severity 
because of Its effect on fracture load (Pinilla et al., 1996). This Is due to the fact 
that femoral fracture risk Is not only dependent on the load applied, but also on 
the load necessary to cause a fracture (DeGoede et al., 2003; Hayes et al., 1996). 
In vitro studies have shown that the fracture load of the femur Is dependent on 
several factors such as bone mineral density of the femur (Courtney et al., 1995; 
Pin il la et al., 1996; Cheng et al., 1997), femoral geometry (Cheng et al., 1997; 
Kukla et al., 2002), the direction of impact (Pinilla et al., 1996), and the loading 
rate (Courtney et al., 1994). Ideally these should also be taken into account to 
determine the effect of MA fall techniques on fall severity. The fracture load may 
be determined by mechanical testing of cadaveric femurs. However these bones 
hardly ever have the same properties, making it difficult to compare the effect on 
fracture load of two or more fall techniques. Finite element analyses may be of 
value since these models can be used an infinite numbers of times. In addition, 
using these models it is possible to determine the effect of each individual variable 
by changing that variable while keeping all the others constant. However, finite 
element models to determine the effect of fall techniques on fracture load are not 
yet available. In the future they will need to be developed and validated by 
mechanical testing.
Another limitation is that the sideways falls investigated in fall experiments 
differ in some aspects from most sideways falls in daily life. For safety reasons, 
the falls during our fall experiments were initiated from a kneeling position while 
most fall-related hip fractures occur from a standing position. It may be argued 
that the impact forces increase in falls from a standing position because of the 
added potential energy. Although this is true, it should be noted that because of
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additional effect of impact reducing mechanisms such as the squat response the 
increase in impact force may be less than expected based on the added potential 
energy. Squatting reduces the impact velocity by absorbing energy in three 
different ways: 1) eccentric contraction of lower extremity muscles of the lower 
extremity, 2) reduction of the total potential energy involved in the fall due to the 
body’s impacting the ground in upright position, and 3) a transfer of impact 
energy into horizontal (as opposed to vertical) kinetic energy by knee extension 
during the final stage of descent (Sandler and Robinovitch, 2001; Robinovitch et 
al., 2004). However, because squatting is applicable in almost all falls from a 
standing position, independent of the use of the MA fall techniques, it is not 
expected to explain differences between fall techniques. Sideways MA falls from 
either a standing or a kneeling position have similar main characteristics. 
Therefore, it is conceivable that MA fall techniques will also reduce the impact 
force during falls from a standing position. A direct comparison of the hip impact 
forces between the Block fall and the MA fall from a standing position is not 
possible, because sideways falls from a standing position onto the ground are 
dangerous and can cause a hip fracture even in young adults (Kannus et al., 
2006). However, the reduction of impact force by MA falls from a standing position 
is indirectly supported by the finding that the hip impact forces of the MA fall from 
a standing position were similar to the hip impact forces of the Block falls from a 
kneeling position in the single experienced judoka (Chapter 3).
In addition, falls in the experimental set-up were self-initiated while falls in 
daily life are generally unexpected. Although self-initiation is likely to reduce the 
absolute impact values (Robinovitch et al., 2004; Kim and Ashton-Miller, 2003), in 
particular in falls with a short available response time (Kim and Ashton-M il ler, 
2003), such falls seem to be useful to study the working mechanisms by which 
MA fall techniques reduce hip impact force. In addition, they are safer and, 
therefore, suitable to determine the trainability of MA fall training in older 
individuals. In self-initiated falls, the fall can be pre-planned, which is usually not 
the case for falls in daily life. It has often been suggested that a fall may happen 
too quickly to be able to select and execute a learned fall technique. However, 
previous studies have shown that young adults could successfully implement 
specific fall techniques after initiation of a volitional fall from a kneeling position 
(Chapter 5) or an unexpected fall from a standing position (Feldman and 
Robinovitch, 2004). In an unexpected fall from a standing position, hip impact
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occurs 715 (SD 160) ms afterthe onset of a perturbation (Hsiao and Robinovitch,
1998). Given a voluntary reaction time of 180 ms to initiate a fall technique 
(Chapter 5) there is still time to subsequently execute the fall technique before 
impact. The minimum movement time to adequately execute the MA fall technique 
was only 145-155 ms (Chapter 5). Although previous studies have reported 
increased reaction times of 19-80 ms (Robinovitch et al., 2005; Chen et al., 1994; 
Tirosh and Sparrow, 2005) and increased movement times for voluntary arm 
movements in the elderly (Robinovitch et al., 2005), probably sufficient time is left 
to select and execute a fall technique.
To deal with the latter two limitations, several studies have investigated 
unexpected falls from a standing height. However, the falls in these experiments 
still differ from falls in daily life, making it difficult to extrapolate the results. In most 
of these fall experiments, the subjects are unexpectedly made to fall by an abrupt 
translation of a moving platform (Hsiao and Robinovitch, 1998; Feldman and 
Robinovitch, 2007) or by releasing a tether that supported the subject in a leaning 
angle from the vertical (Robinovitch et al., 2003; Feldman and Robinovitch, 2004). 
In these experimental set-ups the subject usually falls on a thick mattress, which 
is softer than most fall surfaces in daily life. In addition, in most of these 
experiments, the subjects receive some instructions on how to fall, and they are 
concentrated and prepared to fall, because they know that they are going to fall, 
which is also usually not the case in daily life. Moreover, the falls during these 
experiments are initiated from a stationary standing position, while most falls in 
daily life occur during walking (Cumming and Klineberg, 1994; Nevitt and 
Cummings, 1993). The influence of instruction has been nicely demonstrated in a 
recent study of Feldman and Robinovitch (2007). The participants (judokas and 
healthy controls) stood on top of a large platform and were subjected to a strong 
postural perturbation. When they were instructed to maintain their balance, both 
groups showed similar fall strategies if they did not succeed in recovering balance. 
However, when the judokas were instructed to use MA fall techniques to fall safely, 
they performed MA fall techniques.
Another limitation of fall experiments from a standing position is that direct 
impact force measurements are often not possible. Instead, kinematic variables 
are used to estimate fall severity, in particular impact velocity and kinetic energy 
measures. We found, however, that hip impact velocity is not always a valid 
predictor for hip impact force in comparisons between different fall techniques
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(Chapter 3). To improve the estimation of hip impact force using kinematic data, 
validated energy models including the 3-D movement of all body parts prior to 
and after impact may be useful. To measure the 3-D movement, the system 
should preferably be wireless to minimize interference with the movement. It will 
be a challenge to measure the 3-D movements based on the position data of 
reflective markers because some of the markers are likely to be invisible during 
(part of) the fall as they are obscured by the body. Therefore, the use of other 
wireless movement measurement systems, such as gyroscopes and 
accelerometers, should be considered for the development of these energy 
models.
The question whether MA fall techniques are potentially applicable in daily 
life, in particular in older individuals, should be addressed in further research. 
It should be investigated whether (older) individuals will be able to apply MA fall 
techniques during unexpected falls in daily life and whether this results in fewer 
hip fractures. A first attempt was made by evaluating falls in daily life from 
participants of our Falls prevention programme for persons with osteoporosis 
during the year following training (Smulders et al., 2010). Using a questionnaire, 
we evaluated in more detail 26 falls in the training group and 18 falls in the control 
group. The results showed that in 45% of the falls, the person was aware of falling 
during the fall. This may indicate that in almost half of the falls in daily life it may 
be possible to select a fall technique. In 45% of these falls in the training group, 
the fallers indeed reported that they were able to apply the MA fall technique 
during the fall. Hence after fall training, some participants seem to be able to 
select and execute MA fall techniques during an unexpected real-life fall. Based 
on the more detailed questions about the fall, it seems that in 77% of the falls in 
the training group, the faller had been able to apply at least one element of the MA 
fall technique, in particular controlling the head (58%) and avoiding the use of the 
outstretched arms to block the fall (46%). However, this was also true for 50% of 
the falls in the control group in which the head was controlled (39%) and the use 
of the outstretched arms was avoided (33%). Rolling was reported in only three 
(11%) falls in the training group and not at all in falls for the control group. Statistical 
testing showed that there were no significant differences for individual elements 
of the MA fall techniques between the two groups (Unpublished data). These 
results are in agreement with the results with respect to the retention of the effect 
of the MA fall training in the healthy, older individuals, as described earlier, and
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indicate that a five-session MA fall training is likely to be too short and/or the 
training should be repeated from time to time to be effective in falls occurring in 
daily life. Additional research is needed to study the optimal training intensity to 
master the MA fall techniques.
None of the falls mentioned above resulted in a hip fracture (Unpublished 
data). This is not surprising because hip fractures only occur in 1-2% of the falls 
in the elderly (Tinetti et al., 1988). Hence, to evaluate the effect of MA fall techniques 
to prevent of hip fractures, very large sample sizes will be needed. Such a large 
training study is time consuming and very expensive and should, therefore, be 
performed in the final stage of a study on hip fracture prevention. To determine 
the potential beneficial effects of MA fall training to prevent hip fractures, a first 
step may be to compare, in an epidemiological study, the risk of hip fractures 
among older (ex-) judokas with the risk of the general population.
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1. General introduction
Hip fractures among elderly are a major health problem. These fractures are 
associated with high mortality and morbidity rates; they are also responsible for 
high medical costs. The most important clinical risk factors for hip fractures are a 
low bone mineral density, high age, fracture history, and being female. In clinical 
practice, hip fracture prevention has traditionally been focused ontreating persons 
with low bone minderal density (osteoporosis). However, since the majority of hip 
fractures are caused by falls, it is to be expected that fall prevention would also 
reduce the hip fracture risk. Furthermore, hip fractures may also be prevented by 
decreasing the severity of a fall, thereby, limiting the potential consequences. Hip 
protectors do seem to be useful, although user compliance remains a problem. 
A feasible alternative may be to teach older individuals how to fall safely. This 
thesis focuses on limiting fall severity by means of using martial arts (MA) 
techniques. Since sideways falls with direct impact on the greater trochanter have 
the highest risk for a hip fracture, we focused on sideways falls. The main purpose 
was to explore the potential usefulness of M A fall training for hip fracture prevention 
in the elderly. Four aims were investigated in the experimental studies described 
in Chapter 2-7. The first aim was to study the effect of MA fall techniques on fall 
severity and to detect experience-related differences (Chapter 2 and 4). The 
second aim was to gain knowlegde about the working mechanisms by which MA 
fall techniques reduce the impact on the hip during a sideways fall (Chapter 2-4). 
The third aim was to determine the trainability of MA fall techniques in young and 
older individuals (Chapter 4-6). The fourth aim was to investigate the safety of the 
MA fall training for persons with osteoporosis (Chapter 7).
2. Martial arts fall techniques decrease the impact forces at the hip 
during sideways falling
In Chapter 2 the effects and the working mechanisms of the MA fall technique 
during a volitional sidways fall were studied in a group of experienced judokas. 
Based on simple impact models, it was hypothesized that hip impact velocity and 
trunk orientation may play a role in reducing hip impact force. In addition, the 
effect of the use of the arm to break the fall was determined since it has been
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suggested that hand impact also plays a role. Six experienced judokas each 
performed a total of 30 sideways falls from kneeling height using three fall 
techniques: the block with arm technique (Control or Block), the MA technique 
with the use of the arm to break the fall (MA-a), and the MA technique without the 
use of the arm (MA-na). After voluntary initiation of the fall, the subjects received 
a short verbal instruction indicating which technique was to be performed. The 
results showed that the MA-a and MA-na technique reduced the impact force by 
27% and 29.5%, respectively, and the impact velocity by 12% and 15%, respectively. 
The trunk orientation was significantly less vertical only in the MA-a falls. No 
significant differences were found between the MA techniques. It was concluded 
that hip impact force reduction was associated with a lower impact velocity and, 
to a lesser extent, with a less vertical trunk orientation. The roll after impact, a 
characteristic of MA falls, is thought to contribute to the reduction of impact 
forces. However, using the arm to break the fall was not essential to reduce hip 
impact forces during MA falls.
3. The relation between hip impact velocity and hip impact force differs 
between sideways fall techniques
A fundamental variable for fall severity is impact force. However, in experimental 
studies on the effect of fall strategies on fall severity, impact velocity has often 
been used instead. The purpose of the study described in Chapter 3 was to 
determine whether impact velocity is a valid measure to determine differences in 
fall severity between different techniques. Five young experienced judokas 
performed sideways falls from kneeling height using the same experimental 
set-up as described in Chapter 2. They performed the following three techniques: 
the Block, the MA-a, and the MA-na fall technique. In addition, one subject 
performed several extra series of falls, including a series of MA falls from standing 
height. Linear regression analysis showed a moderate relation between hip 
impact velocity and force, which was heavily dependent on the technique used. 
In falls with comparable impact velocities, forces found for MA falls were lower 
than those for Block falls. Therefore, the impact velocity itself could not predict 
the differences in the impact force. Thus, although hip impact velocity may be 
useful in making an approximate prediction of impact force within fall techniques, 
it is not always a valid predictor to determine differences between techniques. We 
therefore proposed that that if direct impact force measurements are not possible,
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a more valid estimate of hip impact force might be obtained by combining impact 
velocity with energy estimates before and after impact.
4. Martial arts fall techniques reduce hip impact forces naive subjects 
after a brief period of training
It is not known how much training is needed to master the MA fall techniques. In 
Chapter 4 we investigated whether a short training in MA techniques is sufficient 
to produce hip impact force reduction. Ten young subjects (without prior MA fall 
experience) participated in an individual 30-min training session in sideways MA 
fall techniques. Using the experimental set-up described in Chapter 2, the impact 
forces and impact velocities were measured during volitional sideways falls from 
kneeling postion during the Block, MA-a and MA-na fall techniques. To identify 
experience-related differences, additional EMG data during the Block and MA 
falls were collected in ten inexperienced fallers and five experienced judokas. The 
results indicated that MA-a and MA-na falls had significantly smaller hip impact 
forces (-16.7 % and -15.5%) and velocities (both -6.7%) compared to Block falls. 
The EMG results revealed experience-related differences in pectoralis muscle 
and trapezius muscle activity during the execution of the MA fall, indicating that 
the inexperienced fallers had a less pronounced trunk rotation. This may explain 
why this group had a smaller reduction in impact forces compared to the 
experienced fallers reported in Chapter 2. It can be concluded that extensive 
training is not required to reduce the hip impact forces in young adults, indicating 
that the effective MA techniques are easy to learn. The experience-related 
differences, however, indicate that a 30-min MA training is not long enough for 
subjects to fully benefit from the protective effects of MA fall techniques.
5. The effect of time pressure and experience on the performance of 
fall techniques during a fall
Although MA fall techniques do reduce the hip impact force, it is not clear whether 
individuals would be able to apply the acquired techniques during an actual fall in 
daily-life. It is not known how much time it takes to initiate and to successfully 
execute these techniques or what the influence is of MA experience. In Chapter 5 
we investigated the neuromuscular control during voluntary fall techniques in five 
experienced judokas and in nine inexperienced fallers. All started from a kneeling 
position. They held on to a grip with the right arm such that the lateral inclination
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of the trunk and upper legs was 22° relative to the vertical. Auditory cues was 
given at 1 ms, 40 ms or 80 ms after the onset of the fall as to whether a Block or 
an MA-a fall should be performed. EMG data from shoulder and trunk muscles 
were collected. The mean duration of the fall was found to be 405 ms. The 
requested technique was successfully executed In 85% of the falls. Experience 
and fall technique did not affect the success rate. The success rates for falls with 
a cue delay of 1 ms and 40 ms were, however, higher than In falls with an 80 ms 
cue delay. Following the cue, the EMG amplitudes of the fall techniques started to 
diverge after 180-190 ms, Indicating a minimum reaction time of 180-190 ms for 
voluntary Initiation of a fall technique. The minimum time to successfully execute 
the fall techniques was calculated to be 145-155 ms. In general, the EMG 
amplitudes were similar for both groups, but experience-related differences were 
found for the Pectoralls and Trapezius muscles. It could be concluded that 
voluntary motor control Is possible within the fall duration, even by Inexperienced 
fallers. The differences In EMG activity might suggest that experienced fallers 
modified their reaction to possible falls by changing from a preparation for arm 
abduction to one for trunk rotation.
6. Martial arts fall training to prevent hip fractures in the elderly
In Chapter 6 we described a pilot study to determine whether older Individuals 
could learn martial arts (MA) fall techniques and whetherthls resulted In a reduced 
hip Impact force during a sideways fall. Six male and nineteen female healthy, 
olderlndlvlduals completed aflve-sesslon M A fal I training. The MAfall performance 
during volitional sideways falls from kneeling position were evaluated before and 
after the training. During each fall, force and kinematic data were collected. Two 
MA experts evaluated the fall performance. In addition, fear of falling was 
measured with a visual analogue scale. Afterthe fall training, the fall performance 
had improved, in combination with a reduction in the hip impact force of 8%. In 
addition, fear of falling was also reduced. The results indicate that MA fall 
techniques may be trainable in older individuals, and a better performance may 
reduce the hip impact force in a volitional sideways fall from a kneeling position. 
The additional reduction in fear of falling might result in the prevention of falls and 
related injuries.
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7. Could martial arts fall training be safe for persons with osteoporosis?: 
A feasibility study
Osteoporosis is a well-established risk factor for fall-related hip fractures. However, 
persons with osteoporosis, who are expected to experience the most benefits 
from an MA fall training, have been excluded because of their high fracture risk. 
Therefore, the purpose of the study described in Chapter 7 was to determine 
whether MA fall training is safe for persons with osteoporosis. For obvious safety 
reaons, this could not be directly assesed by training individuals with osteoporosis. 
Therefore, we measured the hip impact force during MA fall exercises in a group 
of young subjects. To determine whether the fall exercises were safe, the highest 
hip impact forces during the exercises were compared with two safety criteria 
based on the femoral fracture load and the use of a hip protector. The young 
adults performed sideways and forward MA falls from a kneeling position on both 
a judo mat and a mattress as well as from a standing position on a mattress. 
Hip impact forces and kinematic data were collected. The results showed that 
the highest hip impact forces during the various fall conditions ranged between 
1426 N and 3132 N. Sideways falls from a kneeling and standing position met the 
safety criteria if performed on the mattress but not if the falls from a kneeling 
position were performed on the judo mat. Forward falls only met the safety criteria 
if performed from a kneeling position on the mattress. Forward falls from a 
kneeling position on a judo mat and forward falls from a standing position on the 
mattress did not meet both safety criteria. Based on the data from young adults 
and our safety criteria, the MA fall training could be expected to be safe for 
persons with osteoporosis provided that the appropriate safety measures are 
taken: 1) During the training persons with osteoporosis should wear hip protectors 
that could attenuate the maximum hip impact force by at least 65%, 2) they should 
perform the fall exercises on a thick mattress, and 3) they should avoid forward 
fall exercises from a standing position.
8. General discussion
In general, the results reported in this thesis are encouraging for the potential use 
of MA fall training for hip fracture prevention in the elderly. MA fall techniques were 
effective in reducing the hip impact force during a sideways fall. The mechanisms 
likely to be responsible for this reduction are a decrease in hip impact velocity by 
the combination of knee and trunk movements prior to impact and the rolling
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motion after impact which reduces the amount of energy to be absorbed during 
impact. Neither hand impact nor trunk orientation seem to play an essential role. 
However, further research is needed to determine in more detail the effect of the 
roll mechanism. The MA fall techniques are trainable in older individuals, however, 
these individuals did not seem to be able to retain these skills in the period 
following the training. The MA fall training also seems to be safe for persons with 
osteoporosis if appropriate safety measures are taken. A limitation of this thesis 
is that it is primarily focused on sideways falls. For forward and backward falls, 
additional research is needed to determine the effects of MA fall techniques. 
Another limitation is that the fall severity was primary defined by the maximal 
external vertical hip impact force. Finite element models may possibly be 
developed to determine the effects of other fall parameters on fracture load and, 
subsequently, hip fracture risk. A third limitation is that the falls in our fall 
experiments were volitional falls from a kneeling position, whereas most falls in 
daily life occur from a standing position. The impact force estimated for these falls 
based on kinematic data, should be further improved for example by using 
validated energy models. In addition, further research is required to determine the 
optimal training intensity necessary to master these MA fall techniques and to 
determine the effects of MA fall training on hip fracture prevention in daily life. 
A first step may be to determine the hip fracture risk among older (ex-)judokas in 
comparison to the risk in the general population.
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1. Algemene inleiding
Heupfracturen vormen een groot gezondheidsprobleem voor ouderen. Heup- 
fracturen zijn geassocieerd met een hoge mortaliteit en morbiditeit en gaan 
gepaard met hoge medische kosten. De belangrijkste (klinische) risicofactoren 
voor heupfracturen zijn een lage botdichtheid, een fractuur verleden en een hoge 
leeftijd; vrouwen hebben een hoger risico dan mannen. In de klinische praktijk is 
de preventie van heupfracturen vooral gericht op het behandelen van mensen 
met een lage botdichtheid (osteoporose). Omdat de meeste heupfracturen het 
gevolg zijn van een val, mag verwacht worden dat het risico op een heupfactuur 
ook door valpreventie verminderd kan worden. Bovendien zouden heupfacturen 
voorkomen kunnenworden doorde ernstvan deval, en daarmee de consequenties 
van de val, te verminderen. Heupprotectoren zijn hiervoor mogelijk geschikt, 
alhoewel de acceptatie, voornamelijk vanwege cosmetische redenen, nog een 
probleem is. Een alternatief is om ouderen te leren veilig te vallen. Dit proefschrift 
richt zich op het verminderen van devalernstdoorjudovaltechnieken. Het hoogste 
risico op een heupfractuur treedt op bij een zijwaartse val waarbij je op de 
heup landt. Dit proefschrift beperkt zich daarom tot de zijwaartse val. 
Het algemene doel was om te onderzoeken of een judovaltraining bruikbaar zou 
kunnen zijn voor de preventie van heupfracturen bij ouderen. In de experimenten 
zoals beschreven in Hoofdstuk 2-7 werden vier doelen nagestreefd. Het eerste 
doel was om de effecten van judovaltechnieken op valernst te bestuderen en de 
invloed van ervaring met judovaltechnieken hierop (Hoofdstuk 2 en 4). Het tweede 
doel was om kennis te verkrijgen over werkingsmechanismen waarmee judo­
valtechnieken de impact op de heup tijdens een zijwaartse val verminderen 
(Hoofdstuk 2-4). Het derde doel was om te bepalen of judovaltechnieken bij zowel 
jongeren als ouderen kunnen worden aangeleerd (Hoofdstuk 4-6). Het vierde 
doel was om te bepalen of een judovaltraining ook veilig is voor mensen met 
osteoporose (Hoofdstuk 7).
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2. Judovaltechnieken verminderen de impactkracht op de heup tijdens 
een zijwaartse val
In Hoofdstuk 2 zijn de effecten en het werkingsmechanisme van de judovaltech­
nieken tijdens een vrijwillige zijwaartse val bestudeerd bij een groep ervaren 
judoka’s. Op basis van een simpel Impactmodel werd verwacht dat de 
Impactsnelheld van de heup en de romporlëntatle een rol zouden spelen bij het 
verminderen van de Impactkracht op de heup. Het effect van het afslaan met de 
arm om de val te breken werd ook onderzocht, omdat dit mogelijk ook een rol zou 
kunnen spelen bij het verminderen van de Impactkracht op de heup. Zes ervaren 
judoka’s Heten zich elk 30 keer In zijwaartse richting vallen vanuit een knielende 
startpositie, waarbij ze één van de volgende drie valtechnleken gebruikten: de 
natuurlijke valtechnlek waarbij de arm wordt gebruikt om de val te blokkeren 
(controle of ‘Blok’), de judovaltechnlek met afslaan met de arm om de val te 
breken (JV-a) of de judovaltechnlek zonder het gebruik van de arm (JV-na). Nadat 
de val vrijwillig was Ingezet, ontvingen de proefpersonen een korte verbale 
Instructie om aan te geven welke techniek gebruikt moest worden. De resultaten 
Heten zien dat de JV-a en de JV-na de Impactkracht op de heup tijdens een val 
verminderden met respectievelijk 27% en 29,5%, en de Impactsnelheld met 
respectievelijk 12% en 15%. De romporlëntatle was minder verticaal tijdens de JV 
technieken, maar dit was alleen significant tijdens de JV-a vallen. Er werden geen 
significante verschillen gevonden tussen de twee judovaltechnieken. De conclusie 
was dat een reductie In de Impactkracht op de heup geassocieerd was met een 
lagere Impactsnelheld, en In mindere mate meteen mlndervertlcale romporlëntatle. 
Het Is aannemelijk dat de rolbeweglng na Impact, als één van de specifieke 
kenmerken van een judoval, bijdraagt aan het verminderen van de Impactkrachten. 
Het afslaan van de arm om de val te breken speelt daarentegen geen essentiële 
rol In de reductie van de Impactkrachten op de heup tijdens een judoval.
3. De relatie tussen de impactsnelheid van de heup en de impactkracht 
op de heup verschilt voor zijwaartse valtechnieken
De Impactkracht Is een fundamentele variabele voor de mate van valernst. In 
experimentele studies naar het effect van valtechnleken wordt echter In plaats 
van de Impactkracht vaak de Impactsnelheld gebruikt als maat voor valernst. Het 
doel van de studie beschreven In Hoofdstuk 3 was om te bepalen of de 
Impactsnelheld een valide maat Is om verschillen In valernst tussen verschillende
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valtechnieken te detecteren. Vijf jonge, ervaren judoka’s lieten zich vanuit een 
knielende startpositie in zijwaartse richting vallen. De onderzoeksopstelling was 
gelijk aan die beschreven in Hoofdstuk 2. Zij gebruikten iedere keer één van de 
volgende drie technieken: de Blok, de JV-a en de JV-na valtechniek. Eén judoka 
voerde een aantal extra series uit, waaronder een serie van judovaltechnieken 
vanaf staande positie. Een lineaire regressieanalyse liet een matig sterke relatie 
zien tussen de impactsnelheid van de heup en impactkracht op de heup. Deze 
relatie was sterk afhankelijk van de valtechniek. Wanneer een Judoval en een 
Blokval een vergelijkbare impact snelheid hadden, was de impactkracht tijdens 
de Judoval lager dan die tijdens een Blokval. Op basis van de impactsnelheid 
alleen kon het verschil in impactkracht dus niet voorspeld worden. Alhoewel de 
impactsnelheid van de heup van nut kan zijn om een ruwe schatting te maken van 
de impactkracht op de heup binnen een valtechniek, is zij niet altijd een valide 
voorspeller voor verschillen tussen valtechnieken. Er werd geopperd dat als de 
impactkracht niet direct gemeten kan worden, de impactkracht op de heup meer 
valide geschat zou kunnen worden door een combinatie van de impactsnelheid 
en de hoeveelheid kinetische energie voor en na impact.
4. Judovaltechnieken reduceren de impactkracht op de heup bij 
onervaren proefpersonen na een korte judovaltraining
Het is niet bekend hoeveel training nodig is om judovaltechnieken te leren 
beheersen. In Hoofdstuk 4 is onderzocht of een korte training in judoval­
technieken voldoende is om de impactkracht op de heup te verminderen. 
Tien jonge volwassenen (zonder ervaring in judovaltechnieken) namen deel aan 
een 30 minuten durende individuele training in zijwaartse judovaltechnieken. 
Gebruikmakend van dezelfde experimentele opzet als in Hoofdstuk 2, werden de 
impactkrachten en impactsnelheden van de Blok, JV-a en JV-na valtechnieken 
gemeten tijdens een vrijwillige zijwaartse val vanuit een knielende startpositie. In 
aanvulling hierop werden bij tien onervaren volwassenen en vijf ervaren judoka’s 
EMG data verzameld tijdens Blok- en Judovallen om ervaringsgerelateerde 
verschillen te identificeren. De resultaten lieten zien dat de impactkracht op de 
heup tijdens de JV-a en JV-na vallen significant lager waren dan tijdens de 
Blokvallen (respectievelijk, -16,7% en -15,5%). De impact snelheid van de heup 
was ook significant lager tijdens de Judovallen (beide -6,7%). Tijdens de uitvoering 
van de JV techniek was de spieractiviteit van de M. Pectoralis lager, en de
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spieractiviteit van de M. Trapezius hoger bij de onervaren deelnemers dan bij de 
ervaren judoka’s, wat erop wijst dat onervaren vallers een minder uitgesproken 
romprotatie hadden dan de ervaren judoka’s. Dit zou kunnen verklaren waarom 
de impact kracht minder afnam in deze groep dan in de ervaren judoka’s, zoals 
beschreven in Hoofdstuk 2. Op basis van de resultaten werd geconcludeerd dat 
judovaltechnieken gemakkelijk zijn aan te leren en dat er geen intensieve 
judovaltraining vereist is om de impactkracht op de heup bij jonge volwassenen 
te verminderen. De ervaringsgerelateerde verschillen wijzen er echter op dat een 
training van 30 minuten niet voldoende is om optimaal te kunnen profiteren van 
de beschermende effecten van judovaltechnieken.
5. Het effect van tijdsdruk en ervaring op de uitvoering van 
valtechnieken tijdens een val
Alhoewel judovaltechnieken de impactkracht op de heup kunnen verminderen, is 
het niet duidelijk of deze aangeleerde technieken toegepast zouden kunnen 
worden tijdens een echte val in het dagelijks leven. Het is onbekend hoeveel tijd 
het kost om een val te initiëren en de technieken met succes toe te passen. 
Ook is onbekend wat de invloed van ervaring in judo hierop is. In Hoofdstuk 5 
werd de neuromusculaire controle tijdens een vrijwillige val onderzocht in vijf 
ervaren judoka’s en negen onervaren vallers. De val werd gestart vanuit een 
knielende positie. De deelnemers hielden met de gestrekte rechter arm een 
handvat vast, zodat de romp en de bovenbenen een hoek van 22° maakten met 
de verticaal. Op 1 ms, 40 ms of 80 ms na de start van de val kregen de deelnemers 
een auditief signaal te horen waarmee werd aangegeven of ze een Blok of JV-a 
techniek moesten gebruiken. Tijdens de val werden EMG data van de schouder 
en rompspieren verzameld. De gemiddelde valduur was 405 ms. In 85% van de 
vallen werd de gevraagde techniek succesvol uitgevoerd. Ervaring en de 
gevraagde valtechniek hadden geen effect op de mate van succes. Voor vallen 
waarbij het auditieve signaal op 1 ms en 40 ms na de start van de val werd 
gegeven was de mate van succes hoger dan voor vallen met het signaal op 
80 ms na de start van de val. Vanaf 180-190 ms na het auditieve signaal begonnen 
de EMG amplitudes tussen de twee technieken van elkaar af te wijken, wat 
aangeeft dat dit de minimum reactietijd is om een valtechniek vrijwillig in te zetten. 
De minimum bewegingstijd om een valtechniek succesvol uit te voeren was 
volgens onze berekening 145-155 ms. In het algemeen was de EMG-activiteit
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vergelijkbaar voor beide groepen. Er werden echter ervaringsgerelateerde 
verschillen gevonden voor de M. Pectoralis en de M. Trapezius. Er werd 
geconcludeerd dat binnen de duur van de val vrijwillige bewegingssturing 
mogelijk is, zelfs door onervaren vallers. Het verschil in EMG activiteit zou kunnen 
suggereren dat de primaire reactie van ervaren judoka’s op een potentiële val 
veranderd is van een voorbereiding voor een arm abductie in een voorbereiding 
voor romprotatie.
6. Judovaltraining om heupfracturen bij ouderen te voorkomen
In Hoofdstuk 6 is een pilotstudie beschreven om te bepalen of oudere personen 
judovaltechnieken kunnen leren en of dit resulteert in een vermindering van de 
impactkracht op de heup. Zes gezonde, oudere mannen en negentien gezonde, 
oudere vrouwen hebben deelgenomen aan een judovaltraining bestaande uit vijf 
bijeenkomsten. Voor en na de training werd de uitvoering van de judoval vanuit 
een knielende startpositie geëvalueerd. Tijdens elke val werden impactkrachten 
en kinematische data verzameld. Twee judo-experts beoordeelden de uitvoering 
van de val. De angst voor vallen werd gemeten met een visueel analoge schaal. 
Na de valtraining was de uitvoering van de judoval verbeterd, en de impactkracht 
op de heup met 8% verminderd. De angst voor vallen was ook afgenomen. 
De resultaten lieten zien dat judovaltechnieken kunnen worden aangeleerd bij 
oudere personen en dat een betere uitvoering gepaard gaat met een vermindering 
van de impactkracht op de heup tijdens een vrijwillige zijwaartse val vanuit een 
knielende startpositie. De gevonden afname in angst voor vallen zou bovendien 
kunnen bijdragen aan de preventie van vallen en van de daarbij behorende 
blessures.
7. is judovaltraining veilig voor mensen met osteoporose? 
Een haalbaarheidsstudie
Osteoporose is een bewezen risicofactor voor valgerelateerde heupfracturen. 
Mensen met osteoporose kunnen naar verwachting het meeste profiteren van een 
judovaltraining. Zij zijn tot nu toe echter geëxcludeerd voor deelname vanwege 
hun hoge risico op fracturen. Het doel van de studie beschreven in Hoofdstuk 7 
was om te bepalen of judovaltraining veilig is voor mensen met osteoporose. 
Vanwege voor de hand liggende veiligheidsredenen kon dit niet direct bepaald 
worden bij mensen met osteoporose. Daarom hebben we de impactkracht op de
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heup tijdens de valoefeningen gemeten bij een groep jongeren. Om te bepalen of 
de valoefeningen veilig waren werden de hoogste impactkrachten die tijdens de 
valoefeningen gemeten waren, vergeleken met twee veiligheidscriteria gebaseerd 
op de taalkracht (kracht nodig om bot te breken) van het proximale femur en het 
gebruik van een heupbeschermer. Vanuit een knielende startpositie voerden de 
jongeren zijwaartse en voorwaartse judovallen uit op zowel een judomat als een 
dikke mat, en vanuit stand op een dikke mat. De impactkrachten op de heup en 
de kinematische data werden verzameld. De resultaten lieten zien dat de hoogste 
impactkracht op de heup voor de verschillende valcondities lag tussen de 1426 N 
en 3132 N. Zijwaartse vallen vanuit knielende en staande positie voldeden aan de 
veiligheidscriteria als ze uitgevoerd werden op een dikke mat, maar niet als ze 
uitgevoerd werden op een judomat. Voorwaartse vallen vanuit knielende positie 
voldeden alleen aan de veiligheidscriteria als ze uitgevoerd werden op een dikke 
mat. Voorwaartse vallen vanuit knielende positie op een judomat, zowel als 
voorwaartse vallen vanuit staande positie op een dikke mat voldeden niet aan 
beide veiligheidscriteria. Gebaseerd op deze data van jongere proefpersonen 
en de gebruikte veiligheidscriteria, werd geconcludeerd dat judovaltraining veilig 
is voor mensen met osteoporose mits de juiste veiligheidsmaatregelen worden 
genomen: 1) tijdens de training moeten mensen met osteoporose heupprotectoren 
dragen die de maximale impactkracht opdeheupm et minimaal 65% verminderen, 
2) zij moeten de valoefeningen op een dikke mat uitvoeren en 3) voorwaartse 
vallen vanuit staande positie moeten vermeden worden.
8. Algemene discussie
Over het algemeen zijn de resultaten zoals gerapporteerd in dit proefschrift 
bemoedigend voor potentieel gebruik van judovaltraining bij de preventie van 
heupfracturen bij ouderen. Judovaltechnieken waren effectief in het verminderen 
van de impactkracht op de heup tijdens een zijwaartse val. De mechanismen die 
waarschijnlijk verantwoordelijk zijn voor deze reductie zijn een afname in 
impactsnelheid van de heup door de combinatie van knie- en rompbewegingen 
vóór impact en de rolbeweging na impact. Door deze rolbeweging is er een 
afname van de hoeveelheid energie die tijdens impact geabsorbeerd moet 
worden. Handimpact noch romporiëntatie lijken hierbij een essentiële rol te 
spelen. Er is vervolgonderzoek nodig om het effect van de rolbeweging in meer 
detail te onderzoeken. De resultaten van de vijf weken durende trainingsstudie
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toonden aan dat de oudere personen de judovaltechnieken kunnen aanleren. 
Aanvullende analyses Heten echter zien dat deze personen de vaardigheden niet 
vast lijken te houden In de periode na training, wat erop wijst dat de valtralnlng 
niet lang genoeg was. De judovaltralnlng lijkt ook veilig voor mensen met osteo­
porose mits de juiste veiligheidsmaatregelen worden genomen. Dit proefschrift 
heeft zich echter hoofdzakelijk beperkt tot de zijwaartse val en aanvullend 
onderzoek is nodig om de effecten te bepalen van judovaltechnieken tijdens 
voorwaartse en achterwaartse vallen. Een andere beperking is dat de valernst 
uitsluitend gedefinieerd wordt door de externe verticale impactkracht op de heup. 
Eindige elementen modellen zouden kunnen helpen om de effecten van andere 
variabelen op de taalkracht, en daarmee het heupfractuurrisico, te bepalen. 
Een derde beperking van het werk gepresenteerd in dit proefschrift is dat de 
bestudeerde val in de beschreven valexperimenten een vrijwillige val vanuit een 
knielende startpositie betrof, terwijl in het dagelijkse leven meestal vanuit een 
staande positie gevallen wordt. De schatting van de impactkracht voor deze 
vallen op basis van kinematische data zou verbeterd moeten worden door 
bijvoorbeeld het gebruik van gevalideerde energiemodellen. Ook is er vervolg­
onderzoek nodig om de optimale trainingsintensiteit te bepalen die nodig is om 
de judovaltechnieken te leren beheersen en om de preventieve effecten van een 
judovaltraining op heupfracturen in het dagelijkse leven te bepalen. Een eerste 
stap zou kunnen zijn om het heupfractuurrisico van oudere (ex-)judoka’s te 
vergelijken met het risico in de algemene oudere bevolking.
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